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REMARKS 

Status_otthe_cliUjrcs 

Claims 1-8 and 10-85 arc pending of which 1,6-8, 10-33, and 71-75 stand rejected and claims 2-5, 
10, 34-70, and 76-85 are withdrawn. Claims 1,6-8, 1 1-13, 15, 18, and 33 are amended and claims 2, 34-38, 51-52 
are amended and withdrawn. Claim 9 was canceled previously and claims 10, 14, 20. 24, 26-28, 31, 39, 44, 49, 54, 
58-61 , 64, 69, 72-75 and 81 arc canceled herein. New claims 86-89 are added. No new matter is added. 

Amendments tojftcjaajm 

In claim 1, the preamble is amended to remove the limiting phrases "covalent antibodies that form 
complexes with polypeptide antigens wherein said complexes do not dissociate on treatment with a protein 
denaturant, and". The preamble and body are amended, however, lo recite antibodies that bind a peptide or protein 
covalcntl/ 1 (PP0032; Fig. 2) and catalytic antibodies "that covalcntly bind to and hydroiyze the peptide or protein" 
to clarify that what is produced by the method using the same pCRA is both types of antibodies. Also, claim I is 
amended to clarify in the pCRA structure that antigenic determinant is "of the peptide or protein" recited in the 
preamble because Lx is defined as an amino acid residue. In addition, Y" is limited to a linker (PP Fig. 4). 
Applicants respectfully draw the Examiner's attention to the argument presented infra in the § 1 12, second paragraph, 
rejections of claims I and 11. 

In addition, claim 1 is amended to incorporate the limitations of selecting and screening the 
produced antibodies as recited in dependent claims 11 and 12 and to further clarify that 1) screening and selecting 
antibodies is for those antibodies that covalcntly bind to the pCRA or to the peptide or protein having one or more 
(PP 0032) of the antigenic determinant comprising the pCRA to identify covalent antibodies produced in the 
organism, and 2) screening and selecting for antibodies that covalently bind to the pCRA and screening from among 
the covalcntly binding antibodies for antibodies that catalyticaily hydroiyze a peptide bond in the peptide or protein 
having the antigenic determinant comprising the pCRA to identify catalytic antibodies produced in the organism. 
Withdrawn claim 2 is amended to correspond to the amendments to the pCRA structural formula (1) of claim I. 

Claim 6 is amended to clarify that "covalent and catalytic'* antibody binding is to "the peptide or 
protein" to correspond to amended claim I. Claim 7 is amended to correspond lo claim 6. Claim 8 \$ amended to 
recite that the "protein" is HTV-1 gp!20 to correspond to claim 1 . 

Claim 1 1 is amended to delete steps a) and b) and to recite "covalent antibodies or catalytic 
antibodies" in view of the amendments to claim I . 

Claim 12 is amended in the preamble to recite that the steps "of screening and selecting further 
comprise" to correspond to the inclusion of claim 12 steps b) and c) in amended claim 1 and is amended in the body 
of the claim to delete steps b) and c), Jn addition in claim 1 2, step a) is amended to indicate that the method step is 
performed "prior to screening and selecting for the covalcntly binding antibodies or antibody fragments thereof * and 
step d) is amended, as new step b) to correspond to amended claim 1 . 
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Claim 1 3 is amended to depend from amended claim 1 and to recite that the antigenic "determinant* ' 
of the pCRA "comprises" the recited proteins to correspond to claim I amendments. 

Claim 15 and withdrawn claim 38 are amended to replace "transonic" with "transgenic". 

Claim 18 is amended to depend from amended claim 1 and the preamble is amended to delete the 
phrase "expressing covalcnt or catalytic activity" and replace the term "isolated" with "obtained" to correspond to 
amended claim I . Also, claim IS is amended to delete method steps d) and e) to end the method at step e). 

Claim 33 is amended to replace "immunogenic" with "antigenic" to correspond to amended claim 

1. 

Claims 34-36 are amended to depend from pending amended claim 12 and claims 69 and 84-85 
already depend directly from claim 12. Claim 37 is amended to clarify that the full length lgG, IgM and IgA 
antibodies prepared by the claim 12 method arc prepared by the specific method steps recited in claim 37. 

Claims 51-52 are amended to properly depend from claim 50 which depends from claim 38 which 
recites a method of obtaining, inter alia, antibody fragments. 

New claims 86-89 are added to depend directly or indirectly from amended independent claim J . 
Claim 86 recites that Y'\ Y f or Y does contain a water-binding group as a terminal or internal component which is 
an option recited in claim ). Claims 87-89 correspond to claims 2-5. No new matter is contained in these claims. 

Amendments t<? thelsj^gifjcatiarA 

The specification was amended to replace the term "transonic" with "transgenic". No new matter 

was added 

BgstjgcjiQn/^ Qf .c l aims 

The Examiner maintains the restriction of the claims such that claims 2-5, 34-70 and 76-85 remain 
withdrawn. The Examiner has rejected the Applicants contention that the original claims are unified by several 
technical features as described at length in Applicants' previous submission of 07/30/2009. The Examiner states that 
because Taguchi et aL teaches a CRA antigen having the same structure as Applicants' pCra, Tagochi et al. teach 
Applicants technical feature of conformational flexibility. 

Applicants strongly aver that the pCRA of the instant amended independent claim 1 (and the 
pCRAW of amended withdrawn claim 2) and the conformational flexibility resulting from the structural arrangement 
provide the unifying feature of the claims. As discussed infra in traversing the § 102 rejection over Tagnchi et at» 
the pCRA (and the pCRAW) are not identical to the CRA of Tagnchi et al. Specifically, inter alia, the 
electrophile in the CRA of Taguchi et a!, is not located at the functional group of an amino acid as in Applicant's 
pCRA. Instead, the electrophile of Taguchi et al is located at the C terminus. Moreover, the CRA of Taguchi et al 
does not contain a linker between the electrophile and the peptide C terminus. Without the linker, the electrophile in 
Tagochi et al. docs not possess the requisite conformation flexibility provided to the electrophile in the instant 
pCRAs and pCRAWs. It is the pCRA (and pCRAW) structure, including the greater degree of conformational 
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flexibility conferred by the combined side chain functional group-Hnker-elcctrophilc unit, per sc that is the unifying 
element in claims 1-85. 

Therefore, Applicants respectfully request, that withdrawn claims 2-5, 34-38, 40-43, 45-48, 50-53, ' 
55-57, 62-63, 65-70 and 76-80, and 82-85 be rejoined with the pending claims as Applicants have canceled claims 
39^ 44, 49, 54, 58-61, 64, and 81. Particularly. Applicants respectfully draw the Examiner's attention to claims 2-5 
which encompass the pCRA structure of claim 1 including the optional water-binding group recited in claim 1. 
Also, Applicants wish to point out that claims 38 and 76 depend from claim 1 and recites a method for preparing the 
antibodies using the pCRA of claim I in an organism with autoimmune disease or medical condition, etc. by the 
method steps recited in original pending claim 12 and claims 67, 84-85 depend directly or indirectly from claim 12, 
as originally filed. Claims 40-43, 45-48, 50-53, 55-57, 62-63, 65, 68, and 70 and claims 77-78 depend directly or 
indirectly from claims 38 and claims 76. Furthermore, claims 79-82 and 84 utilize the pCRA in methods of treating 
medical conditions, such as autoimmune diseases. Thus, practice of the methods recited in the withdrawn claims all 
require the pCRA of amended independent claim I. Applicants also request that new claims 86-89 be examined since 
they narrow the structure of the pCRA of amended claim I . 

Objections to the specification 

The specification is objected to for reciting the incorrect term "transonic". The specification is 
amended to replace "transonic" with "transgenic", as described supra. Accordingly, in view of these amendments, 
Applicants respectfully request that the objection to the specification be withdrawn. 
Objections to_die _cJalirj5 

Claims 10, 14-15, 18, and 38 are objected to for the reasons described infra. Claim 14 is canceled. 

Claim JO is objected to as a duplicate of claim 8. Claim 10 is canceled herein. 

Claim 18 is objected to for not reciting "and" before step "e)" and not starting "e)" in a different 
line. Claim 18 is amended to delete steps d) and c) thereby rendering the objection moot 

Claim 15 and withdrawn claim 38 are objected to for reciting 'transonic". In claims 15 and 38 
"transonic" is replaced with "transgenic". 

Accordingly, in view of these amendments. Applicants respectfully request that the objections to 

claims be withdrawn. 

a5 ILSSL Sl second pamrcaph^ei^^ 

Claims 1,6-8, 10-33, and 71-75 stand rejected under 35 U.S.C. §112, second paragraph, as being 
indefinite. Applicants respectfully traverse these rejections. 

The Examiner states that claims I and 1 1 arc unclear in their recitation of covalent antibodies as it 
is unclear what is meant by covalent antibodies because claim I produces catalytic antibodies using pCRA which is 
what the antibodies are considered to be for examination purposes. The Examiner continues that Applicant's 
amendment of claim 1 is indefinite because it is not clear whether "... covalent antibodies that form complexes with 
polypeptide antigens... 1 * is covalently bound or not 
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Applicant* have canceled claims 10, 14, 20, 24, 26-28, 31, and 72-75. As discussed supra, 
independent claim 1 is amended to delete the phrases in the preamble considered indefinite and to amend the preamble 
and the body to recite antibodies that bind a peptide or a protein covalcntly and catalytic antibodies that covalenily 
bind and hydrolyze the peptide or protein and to clarify in the body of the claim that both types of antibodies are 
prepared by the method- As discussed supra, dependent claim 1 1 is amended to recite that the covalent antibodies or 
catalytic antibodies screened and selected in steps a) and b) that are now amended into claim I are polyclonal 
antibodies. 

Covalent and catalytic antibodies are functionally distinct entities. Covalent antibodies covalently 
bind naturally occurring peptide and protein antigens devoid of artificially incorporated electrophiles covalcntly. The 
binding by covalent antibodies is stable and resistant to dissociation to denaturants. Covalent antibodies do NOT 
express appreciable catalytic activity. Catalytic antibodies initially form an unstable covalent intermediate with 
naturally occurring peptide and protein antigens devoid of artificially incorporated electrophiles. After a water 
molecule attacks the complex of a catalytic antibody and the peptide or protein antigen, the result is degradation of 
the peptide or protein antigen by the catalytic antibody. 

pCRAs and pCRAWs of the present invention bind covalently to both types of antibodies, 
covalent antibodies, as well as catalytic antibodies. However, unlike naturally occurring peptide and protein antigens, 
catalytic antibodies do not degrade pCRAs and pCRAWs, because the complex is usually resistant to water attack. 
The definition of 'covalent antibodies' as used in the present invention is supported by Figs, 41- 42 which shows 
gp!20 binding by antibodies produced by immunization with a pCRA. The immune complexes were not dissociated 
by sodium dodecylsulfate, indicating irreversible antibody binding due to a covalent reaction. Sodium dodecylsulfate 
is well known to dissociate non-covalent complexes. Also, the antibodies owe their covalent reactivity to their 
increased nuclcophilic reactivity attained by immunization with electrophilic pCRAs (PP0008. 0525, 0526). The 
mechanism whereby pCRAs and pCRAWs induce production of covalent antibodies is supported at PP 0099 and the 
distinction between covalent antibodies and catalytic antibodies is clarified in PP 0083. Examples of covalent 
antibodies raised to two pCRAs are described at PP 0087. Applicants submit, therefore, that covalent antibodies and 
catalytic antibodies, as recited in the claims, is clearly defined and would be readily understood by one of ordinary 
skill in the art given the recitation in the claim and disclosure in the specification. 

The Examiner states that claim 6 is indefinite in the recitation of "denaturant" as there is no 
antecedent basis for the term in claim 1. Secondly, the Examiner states that claim 6 depends from claim 1 which 
requires the complexes not to dissociate upon treatment with a protein denaturanL The Examiner concludes that 
claim 6, in reciting "resistant to dissociation'* is broader than claim 1 . 

As discussed supra, the phrase containing "...do not dissociate on treatment with a protein 
denaturanf was deleted from amended independent claim I, so, as a first instance, the recitation of "a denaturant" is 
proper. Applicants submit that the body of claim 1 is amended to recite that the antibodies produced by the method 
of claim 1 arc, inter alia, effective to covalently bind to the peptide or protein or pCRA antigen determinant 
comprising the same. As such, claim 6 is amended as discussed supra to clarify that covalent antibodies and catalytic 
antibodies binding to the peptide or the protein ts rurther limited by being resistant to dissociation by "a denaturant". 
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Thus T with the deletion of the phrase containing the recitation "do not dissociate on treatment with a protein 
denaturanf, dependent claim 6 is not broader than amended claim 1. 

The Examiner states that claim 13 is indefinite for reciting "the antigenic pCRA is the CRA 
derivative of gp!20..." because it is unclear how the term "CRA derivative" is related to the formula (1). As 
discussed supra, amended claim 13, which now depends from claim 1, recites that the antigenic determinant of the 
pCRA comprises the recited proteins to correspond to claim 1 amendments. Thus, the claim clearly identifies 
specific peptide antigenic determinants. 

The Examiner states thai claim 14 is indefinite for reciting "the polypeptide" as there i$ no 
antecedent basis for "the polypeptide" in claim 12 from which this claim depends. Claim 14 is canceled. 

The Examiner states that claim 18 is indefinite for reciting "single chain Fv fragments expressing 
covalcm or catalytic activity. The Examiner is unclear how an Fv fragment expresses these activities and what is a 
covalent activity in relation to an Fv fragment As discussed supra y the phrase "expressing covalent or catalytic 
activity" is deleted from the claim, as are method steps d) and e). Ciaim 1 is amended to recite antibodies screened 
and selected by the method will bind covalently to the antigenic pCRA or to a peptide or protein having the 
antigenic determinant comprising the pCRA and will catalytically hydrolyze the peptide or protein. As amended, 
Claim 18 limits the antibody fragments to Fv fragments and describes how they are isolated. 

Accordingly, in view of the amendments and arguments presented herein. Applicants respectfully 
request that the rejection of claims 1,6, I J, 13- 14, and 18 under 35 U.S.C. §1)2, second paragraph, are withdrawn. 

The 35 U.S.C. 5112. first paragraph, rejections 

Claim 1 is rejected and claims 6-7, I 1-12, 15-23, 25-29, and 71-75 remain rejected under 35 
U.S.C. §112, first paragraph, written requirement Applicants respectfully traverse this rejection. 

The Examiner states the independent claim I is directed to a method of generating catalytic 
antibodies to a polypeptide covalently attached to any transition state analog of any reaction and injecting the antigen 
into any organism such that the antibodies produced show the catalytic activity of cleaving any peptide bond of any 
polypeptide. The Examiner continues that the specification does not disclose how catalytic antibodies produced 
against any pCRA comprising any polypeptide epitope can catalyze the cleavage of any peptide bond of any 
antigenic polypeptide. The Examiner concludes that given this lack of description of representative species 
encompassed by the genus of the claim, the specification fails to sufficiently describe the claimed invention in such 
full, clear, concise, and exact terms that a skilled artisan would recognize that applicants were in possession of the 
claimed invention. 

Applicant has amended independent claim 1 to limit Y" to a linker as is disclosed in Fig. 4 and 48- 
49 and in paragraphs 0034-0035, 0079^0080, 0098, 0590. 0618. Claim I is amended to limit the antigenic 
determinant of a peptide or protein and to incorporate steps recited in dependent claims of screening for and selecting 
for antibodies that both covalently bind the pCRA or a peptide or protein comprising the antigenic determinant 
thereof and catalytically cleave the peptide or protein as discussed supra* The specification well describes preparing 
covalent antibodies and covalent and catalytic antibodies using antigenic determinants from gpl20, VIP, CD4, p- 
amyloid peptide 1-40 or p-amyloid peptide 1-42. 
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The specification describes that a linker, for example, bin noi limited to, a suberic acid or gamma- 
maleimidobutyryl group {Fig. 4) is placed between the electrophile Y and the side chain functional group of the 
antigenic determinant using known linker techniques (PP 0262) to enable control of the distance therebetween and 
the spatial positioning of these groups to provide conformational flexibility and freedom to permit simultaneous 
covaJcnt binding of the Y electrophite to the antibody nucleophile and of the antigenic determinant to the antibody 
paratope (PP 0034, 0099). Optionally, the Y electrophile may be derivatized with a charged or neutral group, such 
as a (4-amidinophenyl)mcthyIamine group, a l-aminch4-guanidinobutyI group or an cthylamine group (Fig. 4) 
which provides an additional regulation of reactivity of the pCRA independent of the clcctrophjlicity of Y (PP 
0034). 

Tn addition the specification discloses electrophiles, which as one particular example, generally ate 
mono- or di -phenyl phosphonates or boronatcs. The Figures (Figs. 5B-5C) disclose these structures and depict the 
phenyl(s) moiety as unsubstituted or substituted. The specification discloses that polypeptide analogs in which a 
covalcnlly reactive electrophile can readily be located in side chains of the amino acids instead of the peptide 
backbone without unduly disturbing the native peptide or protein antigenic structure. (PP 0010). Tn general, as 
Shown in Fig. 5A, the electrophiJe need only comprise an electron deficient atom (Z), which forms a covalent bond 
with the nucleophile and may contain one or more substituents (-R1 and «R2) attached to 2. Rl and R2 can be any 
atoms or groups that modulate the proclivity of Z to form covalent bond with a nucleophile. Typical examples of 
Rl and R2 include alkyl groups, alkoxyl groups, aryl groups, aryloxyl groups, hydrogen, and hydroxy! group. RJ 
and R2 can be pairs of the same or different substituents and Rl and R2 can be substituents that increase or decrease 
the covalent reactivity of the electrophile. The electronic characteristics of Rl and R2 control the elcctrophilic 
reactivity of the electrophile. 

In genera], the claimed pCRAs structures represent a broad genus unified by the common feature of 
covalent reactivity of the electrophile incorporated in the pCRAs with nucleophilic antibodies. Essentially all 
antibodies tested directed against diverse antigens express an innately occurring nucleophilic site with functional 
similarity to the serine protease family of enzymes. Consequently, the pCRAs react covalently with diverse 
antibodies, with specificity derived from noncovalcnt binding of the antigenic epitope of the pCRA to the traditional 
antibody paratope. Structural examples of pCRAs encompassing the entire genus that is reactive with covalent and 
catalytic antibodies directed to any antigen of claim 1 are provided in Example I for EOFR-pCRA, Example II for 
gp]20-pCRA, Example IN for viP-pCRA and Example X for Ap-pCRA. 

In addition, the specification describes the induction of gpl20 selective nucleophilic polyclonal 
antibodies in Example VI, the induction of VIP-selective nucleophilic polyclonal antibodies in Example VI, the 
induction of VIP-pCRA variant structures in Example XI, the structures of A0-pCRAs/pCRAWs and the antibody 
induction in Example X, covalent phage selection with gp!20-pCRA: Isolation of gpl20 selective catalytic 
antibodies in Examples VIII, and specific inhibition of anti-VIP catalytic antibodies by VIP-pCRAin Example III. 

Thus, the written description provides sufficient guidance for one of ordinary skill in the art to 
prepare covalently binding, catalytic antibodies to a antigenic polypeptide of medical interest The pCRA can be 
synthesized using the described electrophiles and linkers to bond to appropriate functional groups in the peptide or 
protein antigenic sequence, immunization of an organism is well-known in the art and the subsequent screening and 
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selecting for produced covalent antibodies and covalcnt and catalytic polyclonal or monoclonal antibodies or Fv 
fragments is we 1 1 -described in the specification. It is well known in the art that near homologs or analogs of a 
chemical structural are likely to be functionally similar if not identical. One of ordinary skill in the art is well- 
suited to design alternative linkers for the instant pCRAs based on the particular side chain functional groups !_/ and 
particular electrophile Y or, optionally, Y'-Y without undue experimentation and with a reasonable expectation of 
success. Similarly, it is known in the art that, inter alia, phosphonate or boronates arc excellent electrophiles to 
covalently bind to nuclcophilic antibodies. One of ordinary skill in the art is well able to design a suitable 
electrophile given the art and the disclosure of many clectrophilic structures in the specification. 

Therefore, the written description contained in Applicant's specification allows one of ordinary 
skill in the art to practice the invention of amended independent claim 1 and dependent claims 6-7, 11-12, 15-23 , 25- 
29, and 71-75. Accordingly, in view of the amendments and arguments presented, Applicants respectfully request that 
the rejection of claims I. 6-7, 11-12. 15-23, 25-29, and 71-75 under 35 U.S.C §H2, first paragraph, written 
description, be withdrawn. 

Claim 1 is rejected and claims <>7, 1 1-12, 15-23, 25-29, and 71-75 remain rejected under 35 U.S.C. § 1 12, 
first paragraph, enablement requirement Applicants respectfully traverse this rejection. 

The Examiner slates that the specification, while being enabling for a method of generating 
catalytic antibodies to the antigens of Figs. 36 or 48-49 or compounds of claims 30-33 where the method comprises 
administering the pCRA to an organism, such as a mouse, and where the catalytic antibodies cleave the peptide bond 
of gp!20 peptide, does- not reasonably enable a method of generating a catalytic antibody that shows proteolytic 
activity against any peptide bond of any protein or peptide. The Examiner continues that production of catalytic 
antibodies depends on the structure of the transition state analog and the enzymatic reaction depends on mimicking 
the transition state analog of bond cleavage or formation of that reaction. The Examiner concludes that the 
specification docs not teach the structures of all the constituents of the pCRA recited in claim 1 and, hence, the 
transition state analog of peptide bond cleavage reaction, the specification does not enable any person skilled in the 
art to which it pertains or is mast nearly connected to make and use the invention commensurate in scope with these 
claims. 

Applicant has amended independent claim 1 as discussed supra. Applicants maintain that the 
written description in the specification provides sufficient guidance for one of ordinary skill in the art to prepare 
covalent antibodies and catalytic antibodies as recited in the method steps of amended independent claim 1, 
Applicants also submit that the enablement in the specification to prepare such antibodies to gp!20, vasoactive 
intestinal peptide (VIP), p-amyloid peptide 1-40 or p-amyloid peptide 1-42 antigenic determinants, as described supra* 
enables one of ordinary skill in the ait to prepare covalcnt antibodies and catalytic antibodies to other prophylactic or 
therapeutic antigenic polypeptides, such as, but not limited to, cytokines, growth factors, cytokine and growth factor 
receptors, proteins involved in the transduction of stimuli inflated by growth factor receptors, clotting factors, 
intcgrins, antigen receptors, enzymes, transcriptional regulators particularly those involved in cellular program, such 
as differentiation, proliferation and programmed cell death, control, other inducers of these cellular programs, cellular 
pumps capable of expelling anticancer agents, microbial and viral peptide antigens (PP 01 37). 
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Independent claim I is amended to limit the antigenic determinant to a peptide or protein antigenic 
determinant One of ordinary skill in the art must know the antigenic sequence of the peptide of interest, although 
Applicants submit that one of ordinary skili in the ait could readily make a nCRA with a potential antigenic 
sequence where the isolation of covalently binding, catalytic antibodies would be an indicator that the tested 
polypeptide sequence is antigenic. As discussed, the specification describes the structural components of a pCRA 
and how to make the pCRA with appropriate elcctrophiles and linking molecules. Producing an antibody in an 
organism is well-known in the art and the specification describes and enables one of ordinary skill in the art to screen 
and select for covalently binding, catalytic antibodies or fragments thereof from serum or lymphocytes depending on 
whether one is screening for polyclonal or monoclonal antibodies or fragments. 

As such, at a minimum the specification enables induction of gpl20 selective nuclcophilic 
polyclonal antibodies in Example VI, induction of VlP-aelective nucleophilic polyclonal antibodies in Example Vt, 
induction of VIP-pCRA variant structures in Example XI, the tructures of Ap-pCRAs/pCRAWs and antibody 
induction in Example X, covalent phage selection with gpI2(KpCRA: Isolation of gpl20 selective catalytic 
antibodies in Examples VIII, and specific inhibition of anti-VfP catalytic antibodies by VIP-pCRAin Example ITT. 

Also, the enablement rejections appear to derive from the Examiner's assertions that the pCRAs 
and pCRAWs of -the present invention are synonymous with transition state analogs (TSAs) described by Mader et 
al. Chem Rev. 1997, 97, 1281-1301. Applicants maintain that pCRAs/pCRAWs of the present invention am 
chemically and functionally distinct from the TSAs as described in detail in the Applicant's submission of 
7/30/2009. The differences between TSAs and pCRAs arc summarized in the Table below which clearly 
demonstrates that Transition State Analogs (TSAs) are not pCRAs/pCRAWs. 
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TSA 

Macter at al. Chero Rev. 
1997,87,1281-1301 



pCR/UpCRAW 

US 10/581234 
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The broad utility of pCRA$ can be appreciated if it is understood that all antibodies tested wera 
found to have nucleophilic sites thai, react with electrophiles in coordination with noncovalent binding of the 
antibody to the antigenic epitope or determinant (sec Example I). Therefore, pCRAs containing the appropriate 
electrophile and the appropriate antigenic epitope can be used broadly to identify any covaJently binding antibody and 
any catalytic antibody to any peptide or protein antigen. Multiple examples of such covalently binding antibodies 
and catalytic antibodies are provided throughout the specifications. As described in the specifications, the pCRAs 
recruit the innate nucleophilic reactivity of antibodies and induce adaptive improvement of the nucleophilic reactivity 
coordinated with improvement of the noncovalent binding affinity for defined antigenic epitopes. 

Chica et al Cuit Opin Biotcchnol, 1997, 97, 1281-1301 discuss difficulties in obtaining enzymatic 
activity by ab initio design and by diitJCted evolution methods. The Examiner's enablement rejections are based in 
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part on the difficulties discussed by Chica et al. The present invention docs not rely on the methods discussed by 
Chica et al Therefore, the Applicants maintain that Chica et at is not germane to the present invention. 

In addition. Applicants provided verification of enablement is available from additional examples of 
the utility of pCRAs published in scientific journals by the Applicants and other research groups (copies enclosed) as 
shown in the following outline. 

I. Enablement of immunization/catalytic antibody induction 

A, Immunization with pCRA 

1. Induction of Induction of gpl20 selective catalytic antibodies: Examples IT and VI (Paul et al., 
J Biol Chem 2003 May 30; 278(22): 20429-20435). 

2. Induction of gpI20 selective covalent antibodies: Example Vl (Nishiyama et al, J Mol 
Rccognit. 2006 Sep-Oct; I9(5):423-31). 

3. gp!20 peptide CRA: Mol Immunol. 2009 Nov; 47(l):87-95. This paper reports catalytic 
antibody production by immunization of mice with a peptide CRA. 

B. Immunization with V3 epitope pCRA 

1. Induction of virus reactive covalent antibodies: Nishiyama et al, J Biol Chem. 2007 Oct 26; 

282(43);3 1250-6. 

IL Enablement of catalytic antibody selection/isolation 

A. Covalent phage selection with A^-pCRA: Isolation of Af* selective catalytic antibodies: Tagucbi 
et al, J Biol Chem. 2008 Dec 26; 283(52):3<5724-33. 

B. Ap CRA: Kasturirangan etal Biotechnol Prog. 2009 Jul^Aug;25 (4):1054^63. This paper reports 
isolation of Ap selective catalytic antibodies by covalent phage selection. 

HI. Enablement of catalytic antibody selection/isolation 

A. Specific inhibition of anti-VIP catalytic antibodies by VIP-pCRA: Example III (Nishiyama et al., 
J Biol Chem 2004 Feb 27; 279<9):7877-83). 

B. Specific inhibition of anti-FVIII catalytic antibodies by FVIll-pCRA and FVIII«C2-pCRA: 
Planquc^a^J Biol Chem. 2008 May 2; 283(1 8): 11876-11886. 

Thus, the specification enables amended independent claim 1. As claims 6-7, 11-12, 15-23, 25-29, 
and 71-75 depend directly or indirectly from amended claim I , these dependent claims also are enabled. Accordingly, 
in view of the amendments and arguments presented herein, Applicants respectfully request that the rejection of 
claims 1, 6-7, 1 1-12, 15-23, 25-29, and 71-75 under 35 U.S.C § 1 12, first paragraph, enablement, be withdrawn. 

Xbc.3 5 , V .S.C. §10ZjC^lQna 

Claim 1 is rejected and claims 8-14, 16, 24, and 31 stand rejected under 35 U.S.C. §102(a) as 
being anticipated by Taguchi etal (Bioorg. and Med. Chem. LetL 2002, 12:3167-3170). Applicants respectfully 
traverse this rejection. 

The Examiner states that Taguchi et al, teach catalytic antibodies raised by using a gpI20 polypeptide 
epitope (L of claim 1 having a carboxyl functional group of amino acid residues as Y") attached covalently to a 
phosphonatc ester (Y reactive el ectrophi lie group. Transition state analog) which comprises a covalently reactive 
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antigen (CRA) (pg. 3168, Fig. I) where the phosphonate ester moiety binds to the antibody. The Examiner also 
states that Taguchi et at. disclose a method of producing the antibody by administering the CRA to a mouse (pg. 
3168, col. 1 , PP 3), 

Applicants submit that Taguchi el ai disclose an antigenic peptide analog consisting of HIV 
gpj 20 residues 421-431 with a diphenyl amino(4-amidinophcnyl)methancphosphonate located at the C-terminus. 
Antibodies to the peptide determinant recognised the pcpndyl phosphonate probe. 

Claims 24 and 31 are canceled. As discussed supra, independent claim \ is amended to recite a Y" 
linker. Also, claim 1 is amended to incorporate steps to obtain, screen and select for the covalently binding, 
catalytic antibodies produced by the pCRA in the organism. 

It is well established that to anticipate a claim, n single reference must disclose each and every 
claim clement as they are arranged in the claim. The Examiner maintains that, in ihe CRA of Taguchi et aL, the 
gp 1 20 polypeptide epitope is the "L" in Applicant's pCRA where the carboxyl functional group of the amino add 
residue corresponds to L' in the pCRA. As recited in amended independent claim Kthe Ll...Lx...Lm component of 
Applicants' pCRA is an antigenic determinant of a polypeptide or a protein where V within the antigenic 
determinant is a functional group of any amino acid side chain, e.g.. those of Lys, Asp, Glu, Cys, Ser, Thr, and Tyr 
(PP 0095). V is linked by a linker Y\ for example, but not limited to, a suberic acid or a gamma- 
maleimidobutyryl group directly to the clectrophiiic group Y or V is indirectly linked to Y" via the optional Y m 
group (which may be the 4-amidinophenyI)methyIamine group as in Taguchi et ai) to the elcctrophilic group. 

At a minimum Applicants submit that the CRA of Taguchi et al. does not have a Y M group as in 
Applicants' claim 1. Applicants present the diagram below to explain their position. Panel (A) shows the general 
formula for pCRAs of the present invention. Panel (B) shows the compound disclosed in Taguchi et al, an analog 
of gpl20 residues 421-433, This compound consists of a peptide corresponding to resides 421-431 , in which the 
backbone carboxyl group of Gly43l is connected to the ami noalky I phosphonate group via a C-N covalent bond. 
The chemical designation system identifying the pCRA elements in the present invention is employed to identify 
various components of the Taguchi etal compound Panel (C) shows an example pCRA of the present invention 
corresponding to gp!20 residues 421-433. Element Lx in the Taguchi compound is devoid of a side chain and 
cannot be used prepare a pCRA of the present invention, as a defining feature of the pCRAs is the side chain 
location of the unit composed of elements L'-Y^Y-Y. Moreover element L' of the present invention is missing 
altogether in the Taguchi etal compound. Moreover, clement Lm is also missing in Taguchi et al compound, as 
the unit composed of elements Y"-Y'-Y is attached to the C-terminus, In comparison, the unit of elements Y"-Y*-Y 
is attached to the side chain in the pCRAs, making possible incorpopration of element Lm to the present invention. 
The lack of chemical identity between the Taguchi et al compound and the pCRAs of the present invention is 
evident 
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For these reasons, neither can Tagnchi et aL render obvious amended independent claim 1 and," by 
extension, dependent claims 8-14, 16 and 24. Given the synthetic and structural requirements for the CRA of 
Tagnchi etalt one of ordinary skill in the art cannot predict that modifying any side chain functional group with a 
linker and electrophile would produce an effective pCRA because such positioning would not mimic the Lys43Z- 
Ala433 cleavage target in gp!20. In the CRA in Tagochi et aL, the positively charged amidino group adjacent to 
the phosphorate diester group serves as an analog of Lys432 (pg. 3167, 2 nd col., last PP), 

Thus, Applicants' pCRA as recited in claim ! is arranged differently from and comprises 
components not found in the CRA disclosed in Tagnchi et aL In the absence of these teachings, Tagnchi et aL 
do not teach all the claim elements of the pCRA of amended independent claim 1 as they are arranged and, therefore, 
cannot anticipate the method recited in amended independent claim t. C!aims8-14 t I6,24,and31 depend directly or 
indirectly from amended independent claim I and as claim 1 is not anticipated by Taguchi et aL, these dependent 
claims are also not anticipated by Taguchi et aL Accordingly, in view of the arguments and amendments presented 
herein, Applicants respectfully request that rejection of the claims 1. 8-14, 1<5, 24, and 31 under 35 USC §102 be 
withdrawn. 



Claim J is rejected and claims W4, 16-18, 21-22, 24-29, 71-72, and 74 stand rejected as being anticipated 
by Pawl etal (U.S. Patent No. 6,235,714). Applicants respectfully traverse this rejection. 

In considering independent claim 1. the Examiner states that Paul et aL teach a catalytic antibody and a 
method of producing said antibody (monoclonal or polyclonal, single chain Fv fragments: col. 16, 11. 48-66) by 
administering to an organism (MRlVlpr mouse, col. 14, II. 45-60) a covaicntly reactive peptide antigen, CRA A (col. 
3, II. 25-45) where the CRAA is X1-Y-E-X2, where XI and X2 are peptide molecules having reactive functional 
group attached to and electrophonic reactive center E that reacts covalently to a nucleophile, and Y is a basic residue 
of the peptide molecule. The Examiner maintains that the CRRA of Paul et aL is identical to Applicants' pCRA. 
The Examiner also states that Pan! et aL teach that the antigen molecule comprises tumor necrosis factor, epidermal 
growth factor receptor, gpl20 (claim 4), etc. and that Panl et aL disclose that the catalytic antibodies praiuccd 
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against the antigens can be used for the treatment of medical disomy like cancer, autoimmune disease (col. 6, II. I- 
13; Figs. 19A-19B. 

Applicants submit thai Paul et aL disclose covalently reactive antigen analogs (CRAA) that 
stimulate production of catalytic antibodies specific for predetermined antigens that are associated with certain 
medical disorders. The CRAA has a X1-Y-E-X2 component structure where E is an electrophilic reaction center, Y is 
a basic residue (Arg or Lys) at the first amino acid on the N terminal side of the reaction center or at the PI position 
and XI and X2 are three to ten flanking amino acids on the N-terminaJ and C-tcrmina! side of the reaction center (col. 
3, II. 26-35). 

Applicants' amended independent claim I is described supra, h is well established that to 
anticipate a claim, a single reference must disclose each and every claim clement as they arranged In the claim. 
Applicants strongly maintain that, the Examiner's contention notwithstanding, Applicants' pCRA, as recited in 
amended independent claim I, is not (Applicants* emphasis) identical to the CRAA of Paul et at. Applicants' 
pCRA contains a covalently reactive electrophilic group, such as a mono- or clt-substitutcd phosphonate or boronate 
group that is linked to an amino acid side chain functional group via a linking moiety, e.g., inter alia, a gamma- 
malimidobutyryl group or a suberic acid group. In addition, optionally, the pCRA may comprise a charged or 
neutral group between the phosphonate/boronate moiety, e.g. and the linker, as shown in Fig. 4. As such, the side 
chain functional group may comprise any amino acid, e.g., the negatively charged carboxyl of aspartic acid or 
glutamic acid, the positively charged amino group of lysine or arginine, the hydroxy group of polar amino acids 
serine, threonine and tyrosine or the nonpolar sulfhydryl of cysteine (Fig. 4). 

In distinct contrast, Paul et aL disclose that the CRAA described therein is composed of an 
electrophilic phosphonate ester flanked by amino acid residues, e.g., EGFR residues 294-303 on the N terminal side 
and EGFR residues 304-310 on the C terminal side (col. 15. II. 5-8; Fig. 4). In addition the N terminal residue must 
be positively charged which limits the amino acids to argininc or lysine (claim 1, Fig, 10). The phosphonate 
residue is inserted between residues in the polypeptide, but does not form bonds with any of the sidechain molecules 
(Figs. 15-17). 

More particularly. Applicants present the figure below to explain their position. Panel (A) shows 
the general formula for pCRAs of the present invention. Panel (B) shows an example of the CRAA disclosed by 
Paul et aL an analog of gpl20 residues 421-436. This compound consists of a peptide corresponding to residues 
421-436. The chemical designation system identifying the pCRAs in the present invention is employed to identify 
various components of the CRAA disclosed by Paul ct al. Panel (C) shows an example pCRA of the present 
invention corresponding to gp!20 residues 421-433. Elements Y'\ Y* and Y of the pCRAs of the present invention 
are located within the peptide backbone of the PanI et al CRAA. In contrast, these elements are located on the side 
chain of an amino acid in the pCRAs of the present invention. The L' element of the present invention is missing 
altogether in the PanI et al CRAA. The lack of chemical identity between the Paul et al CRAAs and the pCRAs 
of the present invention is evident from this comparison. 
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The Applicants wish the Examiner to please note that the chemical designations from the present 
pCRA/pCRAW are used to illustrate chemical non-identity In panel B (LI. ..LI I, Y % \ Y*). 

For these reasons neither can Paul et aL render obvious amended Independent claim l and, by 
extension, dependent claims 8-I4. I6-18, 21-22, 24-29, 71-72, and 74. Given the structural requirements for the 
CRAA of Paul et al t one of ordinary skill in the art cannot predict that modifying any side chain functional group 
with a linker and electrophile would produce an effective pCRA because such positioning would removes the 
electrophile from the Hanked position at the reaction center within the peptide and require that a linker be 
incorporated to link the electrophile to the side chain functional group. In the CRAA in Paul et a/., the specific 
positional combination of individual structural elements act in concert to (a) bind chemically reactive serine residues 
encoded by the gcrmline genes for certain serine protease types of catalytic antibodies; (b) utilize ion pairing and 
noncovalent forces to bind structures such as positively charged Asp/Glu residues that are responsible for the basic 
residue cleavage specificity of the germfine encoded catalytic sites; and (c) bind antibody combining sites at multiple 
amino acids via ion pairing and noncovalent forces, (col. 3. II. 27-45). 

Thus, Applicants aver that Applicants' pCRA as incited in claim 1 is not identical to the CRAA 
disclosed in Paul et al Paul et aL do not teach all the claim elements of the pCRA of amended independent claim 
I as they arc arranged and, therefore, cannot anticipate the method recited in amended independent claim I . Claims 8* 
l4,1<M8,2l-22,24-29 ) 71-72,and74dep amended independent claim I and as claim 

f is not anticipated by Paul et aL, then neither would these dependent claims be anticipated by Paul et al. 
Accordingly, in view of the arguments and amendments presented herein, Applicants respectfully request that 
rejection of the claims 1,8-14, 16-18, 21-22, 24*29, 71-72, and 74 under 35 USC §102 be withdrawn. 
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Cla.ms 1, 6-29 and 71 -75 remain rejected under the judicially created doctrine of ohviousncss-type double 
patenting at being unpatentable over claim I of U.S. Patent No. 6,855.528. The Examiner contends that U 5 
Patent No. 6,855.528 teaches a method of producing a eata Iy tic antibody (CRAA) which is identica. to Applicant's 
pCRA. 

Claim I in U.S. Patent No. 6,855,528 does not provide the s tn.ct ure of the CRAA, however this 
patent is a division*,, of U.S. Patent No. 6.235,7.4 which is cited as anticipating Appiicants' independent claim I 
under 35 U.S.C. §102(b). As discussed supra, Applicant's pCRA is distinctly and structurally different from the 
CRAA. Nor, given the requirements for a CRAA, would Applicants' pCRA be an obvious variant thereof 
part,cu!arly since the electrophilic group must be flanked by residues of the antigenic determinant and the N terminal' 
residue must be positivdy charged ovemll. One of ordinary skill in the art cannot reasonably predict that linking a 
s.dc chain functional group of any amino acid to the electrophilic group with the Y" groups would yield an effective 
polypeptide covalently reactive analogs (pCRA). Thus. Applicants-submit that a terminal disclaimer is not 
required. Accordingly, in view of the arguments and amendments presented herein. Applicants respectfully request 
that rejection of the claims I, 6-29 and 71-75 under the judicially created doctrine of obviousness-type double 
patenting as being unpatentable over claim I of U.S. Patent No. 6,855.528 withdrawn. 

Applicants submit that this Response to Office Action, mailed October 28, 2009, is complete. If 
any issues remain outstanding, please telephone the undersigned attorney of record for resolution. Applicant, enclose 
a Petition for a Three Month Extension of Time. Please charge the $555 extension fee under 37 C.F.R. § 1. 17(a) to 
the credit card identified on the enclosed Form PTO-2038. Only in the absence of Form PTO-2038, please debit 
any applicable fees from Deposit Account No. 07-1 185, upon which the undersigned is allowed to draw. 



Pa, 



Date:„ 

ADLER & ASSOCIATES 
801 1 Candle Lane 
Houston, Texas 77071 
Tel: (713) 270^5391 
Fax: (713) 270-5361 
Ben@adlerandassociates.com 



MO 



Respectfully submitted, 




Beiflanffn Aaron A'dler, Ph.D., J.D. 
Registration No, 35,423 
Counsel for Applicant 
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Covalent Inactivation of Factor VIII Antibodies from 
Hemophilia A Patients by an Electrophilic FVIII Analog* 3 
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The antigen-binding sites of antibodies (Ab*) can express 
enzyme-like nucieophtfes that react covajentry with electro- 
philic compounds. We examined the irreversible and spcciOc 
inactivation of antibodies (Abs) to Factor VIII (FVIII) responsi- 
ble for failure of FVIII replacement therapy in hemophilia A 
(HA) patients. Electrophilic analogs of FVIII (E-FV11I) and its 
C2 domain (IE-C2) were prepared by placing the strongly elec- 
tropbitic phosphonate groups at surface-exposed Lys side 
chains of diverse antigenic epitopes. IgG Abs to FVIII from HA 
patients formed stable immune complexes with E-FVIII and 
E-C2 that were refractory to dissociation by SDS treatment and 
boiling, procedures that dissociate noncovalent Ab-antigen 
complexes* The rate-limiting step in the reaction was formation 
of the initial noncovalent complexes. Conversion of the initial 
complexes to the irreversible state occurred rapidly. The anti- 
genic epitopes of E-FVIU were largely intact, and most of the 
Abs were consumed covalently. E-FVIII expressed poor FVIII 
cofactor activity in clotting factor assays. Nonspecific interfer- 
ence by E-FVI1I in clotting factor function was not evident 
Treatment with E-FVUI, and to a lesser extent E-C2, irreversibly 
relieved the FVIII inhibitory effect of HA IgG in dotting factor 
assays- Small FVIII peptides did not display usen.il reactivity, 
highlighting the diverse epitope specificities of the Abs and the 
conformational character of FVIII epitopes* E-FVUI is a proto- 
type reagent able to attain irreversible and specific inactivation 
of pathogenic Abs. 



Specific antibodies (Abs) 2 to individual antigens are thought 
to cause harmful effects in autoimmune diseases, transfusion of 



♦This work was supported by grants From the Hemophilia Associations of 
New Yorkand Georgia and National Institutes of Health Grant AI37 268. The 
costs of publication of this article were defrayed In part by the payment of 
page charges. This article must therefore be hereby marked "advertise- 
menr\r) accordance with 18 USJC Section 1 734 solely to Indicate this fact. 

E The on-line version of this article (available at h«p:/Mww Jbc.org) contains 
supplemental Fig. SI. 

1 To whomeorrespondenceshould be addressed: Dept. of Pathology, Univer- 
sity of Texas, Houston Medical School, 6431 Fannin, Houston, TX 77030. 
E-mail: Sudhlr.Paul@uth.tmc.edu. 

* The abbreviations used are; Ab, antibody; APTT, activated partial thrombo- 
plastin time; E-C2, C2-domaln analog containing electrophilic phospho- 
nntes; E-hapten, electrophilic hapten; E'FVHI, electrophilic Factor VIII; FVIII, 
Factor VIII; FlXa, activated Factor IX; FX, Factor X; FXa, activated Factor X; 
HA, hemophilia A; VIP, vasoactive Intestinal peptide; EUSA, enzyme-linked 
immunosorbent assay; CHAPS, 3-[(3-cholamIdopropyl)dimethylammo- 
n1o]-1-propanesurfonic acid; HPUC ^9" pressure liquid chromatography; 



Incompatible blood products, and organ transplantation. 
JnJhjbitory Abs to Factor VIH (FVIII) in hemophilia A (HA) are 
a well characterized example. HA is a chromosome X-Unkcd 
genetic disorder characterized by the synthesis of functionally 
inactive FVIII. This impairs the intrinsic pathway of blood 
coagulation. The primary therapy for control of bleeding in HA 
patients is Infusion of recombinant or plasma-derived FVIII (1), 
About 20 -30% of patients receiving FVIII replacement therapy 
produce antibodies (Abs) to FVIU that inhibit FVIII cofactor 
activity. These are referred to clinically as "inhibitors." The 
inhibitory effect is thought to derive from reversible sterlc hin- 
drance of FVIII interactions with phospholipids and other 
coagulation factors, including thrombin, Factor IXa (FIXa), and 
von Willebrand factor (2). In addition, some Abs inactivate 
FVIII permanently by catalyzing its proteolytic breakdown (3). 
Epitope mapping studies using FVIII fragments (heavy chain, 
light chains, and A2, A3, Cl, and C2 domains) and FVIII hybrid 
molecules have suggested that many Abs are directed to con- 
formational epitopes (4, 5). Most inhibitor positive patients 
mount a highly diverse immune response consisting of Abs to 
multiple FVIII epitopes located in the A2, Cl, C2, and A3 
domains (2, 6, 7). 

The Abs pose major problems in managing acute bleeding 
episodes and surgical procedures in the patients. Short term 
bleeding in inhibitor-positive patients can be controlled by 
infusing activated prothrombin complex concentrates or 
recombinant factor Vila, agents that bypass the requirement 
for FVIII in the coagulation pathway (B, 9). Refractory bleeds 
occur in about 20% of inhibitor-positive HA patients receiving 
bypass therapy, and an overdose carries the risk of inducing 
thrombotic events (9). In principle, FVIII itself could be infused 
to saturate the Abs and restore the coagulation pathway. How- 
ever, massive quantities of FVUI are required to overcome the 
inhibitory effect of the circulating Abs even for a short duration. 
An important clinical advance has been the development of 
immune tolerance protocols in which high dose FVIII infusions 
are administered over prolonged periods to suppress Ab pro- 
duction by memory B lymphocytes (10, 11). Experimental pep- 
tides (5, J 2) and anti- idiotypic Abs (13) have been reported to 
block FVIII inhibitory Abs by mimicking the structure of cer- 
tain FVIII epitopes. Regrettably, there is no single immu- 
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Covalent FVIIt Antibody Inactivation 

phosphonate with di(JV-succinimidyl) ethylene glycol disucci- 
nate (Sigma), followed by reversed phase HPLC purification 
(observed w/s 722,5 (MH H ) and calculated MH + 722.2). Treat- 
ment of biotinylated C2 with this reagent yielded E-C2 prepa- 
rations containing 6.7-8.2 mol of phosphonate /mol of C2. The 
E-VIP preparation has been described (15). The following pep- 
tides were prepared by Fmoc (AM9-fluorenyl)methoxycar~ 
bonyl)-based solid phase synthesis: FVIII residues 484 -508 
with a Cys residue at the N terminus (iV-acetyl-CRPLYSRRLP- 
KGVKHLKDFPILPGEI); residues 1804-1819 (KNFVKPNET- 
KTYTWKV); FVIII residues 2303-2332 with lysyi-biotin at the 
C terminus (TRYLRIHPQSWVHQIALKMEVLGCEAQD- 
LYK-biotlnamidohexanoyl); and the mimotope of a C2 epitope 
recognized by monoclonal Ab B02C11 (SCHAWSNRRTCR) 
(12). The peptides were purified by HPLC (>95% purity) and 
characterized by matrix- assisted laser desorption ionization 
time-of-flight (MALDI-TOF) or electrospray ionization (ESI) 
mass spectroscopy (FVIIl-(484-508), m/z (MALD1) 3076.0 
(MH + ; calculated MH + 3075.7); FVILH2303-2332), mA(ESl) 
1356.2 (MH| + , calculated MH^ 1356.4), 1018.0 (MH*\ 
1017.5), and 814.5 (MHg\ 814.2); FVI1I-(1804-1819), m/z 
(EST) 677.4 (MH^ , calculated MH^ 677.4), and 508.5 (MH£ + j 
508.3); B02C11 epitope: m/z (MALD1) 1474.8 (MH*; calcu- 
lated MH 4 1474.7)). E-(2303-2332) was prepared by regiospe- 
cific acylation (15) as follows. The resin with the 2303-2332 
peptide protected at Lys-2320 side chain with the 4-methyltri- 
tyl group was treated with 1% trifluoroacctk acid In dichlo- 
romethpne to remove this protecting group, and the Lys-2320 
side chain amine was acylated with the JV-hydroxysuccinimjdyl 
ester of the phosphonate reagent used for E-FVIJ.l preparation. 
Protecting groups and the solid support were removed with 
trifluoroacetic acid containing 2% phenol, 5% thioanisole, and 
5% ethanedithlol, and E-(2303-2332) was purified by HPLC 
(m/z (ESI) 1529.5 (MH| + , calculated MH^ + 1529.5), 1147,3 
(MHj + . 1147.4), 917.6 (MHg + , 918.1)]* The electrophilic ana- 
logs were stored at -80 *C as lyophilized powders. Protein con- 
centrations were measured by the bicinchoninic acid assay. 

Patients and Antibodies— This study was approved by the 
University of Texas Institutional Review Board. Plasma was 
prepared from blood in 3.2% sodium citrate from 8 inhibitor- 
positive HA patients (our lab codes: HA1828, HA1834, 
HA1835, HA2084, HA2085, HA2222, HA2223, and HA3112; 
age range 5-59 years). The patients had a history of FVIII inhib- 
itors for at least 5 years but had not received FVIU replacement 
therapy for at least 2 months prior to the blood draw). The 
plasma FVIII titers were determined by Bethesda assay (24) and 
are reported in Table 1. Control plasma was from a nonhemo- 
philiac human subject without known coagulation or autoim- 
mune disorders (code NH1941). Electrophoretically homoge- 
neous IgG from the plasma samples was purified by affinity 
chromatography using immobilized protein G (25). Fab frag- 
ments were prepared by digestion with immobilized papain and 
chromatography using immobilized protein A (26). Murine 
monoclonal antJ-C2 IgG (clone ESH8) was from American 
Diagnostica. The isotype- matched control was monoclonal 
anti-VIP IgG (clone c23.5) (27). 

Hapten Phosphonate Binding— Synthesis of hapten electro- 
phllic probe E-hapten-1, E-hapten-2, and E-hapten-3 was 
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nodominant FVIII epitope, and these approaches do not ade- 
quately address the problem of diverse epitope reactivities of 
the Abs. 

The combining sites of certain Abs contain enzyme-like acti- 
vated nucleophiles. The Ab nucleophilic reactivities were evi- 
dent from formation of covalent complexes with electrophilic 
phosphonate diesters (14-16), compounds that were originally 
developed as class-specific inhibitors of serine proteases (17). 
The phosphonates react with activated nucleophiles generated 
by intramolecular interactions between certain amino acids. 
For Instance* the Ser side chain acquires enhanced nucicophi- 
If city by virtue of the hydrogen-bonded network in the Ser-His- 
Asp catalytic triads of serine proteases (18). The nucleophilic 
sites permit certain Abs to catalyze the hydrolysis of their cog- 
nate antigens (19). Ser-His-Asp and Ser-Arg-Glu catalytic tri- 
ads have been identified in proteolytic Abs by site- directed 
mutagenesis (20) and crystallography studies (21). Nucleophilic 
catalytic Abs that hydrolyze FVIII and inhibit FVIII cofactor 
activity are found in HA patients (3). However, only a subset of 
nucleophilic Abs displays catalytic activity (14), indicating that- 
additional events in the catalytic cycle occurring after the initial 
nucleophilic attack on the peptide bond carbonyl group can be 
rate-limiting {eg, water attack and product release). 

We hypothesize that electrophilic FVIU (E-FVTtl) analogs 
may relieve the anti-coagulant effect of Abs by reacting specif- 
ically and covalently with their nucleophilic sites. The covalent 
reaction is predicted to preclude dissociation of the immune 
complexes, thereby permitting prolonged Ab inactivation. We 
describe here E-FV1II analogs that relieve the FVIII inhibitory 
effect of Abs from patients with HA. E-FVIII is a prototyptc 
therapeutic reagent for control of bleeding in inhibitor- positive 
HA patients. The observed properties of E- FVIII suggest that 
electrophilic antagonism can potentially be developed as a gen- 
eral basis for attaining specific inactivation of various antigen- 
specific pathogenic Abs found in immunological diseases. 

EXPERIMENTAL PROCEDURES 

Etectrophilic FVIII Analogy— RecombinRnt FVIU (Helbcate, 
CSL Behring) in 10 ihm HEPES, 150 mM NaCL 0.025% Twecn 20 
was derivatlzed at Lys residues with the 3-sulfosucclnimidyl 
ester of diphenyl A^suberoyl-amlno(4-amidinophenyl)metha- 
nephosphonate, and unincorporated phosphonate was re^ 
moved by gel filtration (16). The phosphonate content of 
three E-FVIII preparations employed in this study was 52-76 
mol ofphosphonate/mol of FVIII determined by fluorescamine 
labeling of the residual amine groups (16). To prepare biotiny- 
lated E-proteins, biotin was first introduced into recombinant 
FVIII and C2 protein (22) by partial acylation in 10 mM HEPES, 
150 mM NaCl, 0.1 mM CHAPS (14). This yielded FVIII and C2, 
respectively, containing 8.8 and 0.6 mol of biotin/mol of pro- 
tein. Phosphonate labeling of biotinylated FVIII was as above 
(81 mol of phosphonate/mol of protein). Fast protein liquid 
chromatography-gel filtration of E-FVIII was on a Superose-6 
column at a flow rate of 0.3 ml/min as described (23). Initial 
attempts to prepare E-C2 as described above for E- FVIII 
resulted in precipitation of the protein (>90%). Therefore, a 
phosphonate reagent with a more hydrophilic linker was pre- 
pared by treating diphenyl amino(4-amidinophenyl)methane- 
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described (14, 23, 28). FVIII (0.5 /am) was treated with the 
E-hapfeen probes (100 fXM) for 4 h, and formation of irreversible 
adduets was measured by reducing SDS-electrophorcsis as 
described (14). 

E-F/IUand FVIII Binding— Abs were incubated with elec- 
trophillc or control polypeptides devoid of electrophilic groups 
in 10 mM HEPES, pH 7,5, 150 mM NaCl, 0.025% Tween 20 
(HEPES/Tween) at 37 B C. The reaction mixtures were boiled (5 
min) in 2% SDS and 3.3% 2-mercaptocthanol and subjected to 
SDS-electrophoresls. Adduets were detected and quantified in 
gel blots with peroxidase-conjugated streptavidin or goat anti- 
human IgG (Fc and k/A chauvspeciflc, 1:1000; Sigma (16)). 
ELISAs were done using microtiCer plates (Nunc) coated with 
0.1 ml of FVIII, E-FVIII, C2 r E-C2 (1 u^g/ml), or synthetic FVIII 
peptides (4 A*g/ml) in 100 mM NaHCO :v pH 9.S, and blocked 
with 5% skimmed milk in 10 itim sodium phosphate, pH 7.4, 137 
mM NaCl, 2.7 mM KCI, 0.05% Tween 20 (PBS/Tween). Ab bind- 
ing was measured using peroxidase-conjugated goat anti»hu- 
man IgG as above or goat anti-human Fab (Sigma) followed by 
peroxidase-conjugated rabbit anti-goat IgG (Pierce) (16). Bind- 
ing to biotmylated E-(2303 -2332) was measured similarly using 
streptavidin-coated plates (1 pig/ ml). To measure irreversible 
binding, Abs were permitted to bind the immobilised antigens; 
the fluid was removed, and the wells were incubated for 30 min 
in PBS/Tween without (total binding) or with 2% SDS (SDS- 
refractory binding), followed by washing with PBS/Tween (16). 
Percent residual binding in SDS-treated wells was (A^ SDS- 
treated wells) X 100/(A 490 , PBS/Tween-treated wells). Samples 
displaying A 490 > mean ± 3 5JD, for control IgG (from subject 
NH1941) were considered positive. Binding rate data were fit- 
ted to tHc equation AW^cm™* 555 1 - exp ( ~ A7> , where K is the 
pseudo-first order rate constant (K - (k 3 X [Ab])/*^); k 3 is the 
first order rate constant for covalent bonding; K H is the equilib- 
rium dissociation constant for noncovalent binding step; [Ab] 
is the Ab concentration), was computed as \n2/K. In die 
immunoadsorption experiment, HA IgG (0.7 jxm) was incu- 
bated in diluent or biotinylated E- FVIII (04 jam) for 20 h f and 
the reaction mixture (0.04 ml) was incubated for 1 h with 
immobilized streptavidin in spin columns (30 fjA of settled gel, 
UltraLink Plus columns, Pierce). The unbound fraction and 
three washes (0.05 ml each) were pooled and assayed for bind- 
ing to FVIII and E-FVIII by ELISA. 

Clotting Factor Assays— FVJJI and E-FVIII cofactor activity 
was determined using the Diapharma Coamatic FVIII kit® as 
instructed by the manufacturer using 0.045-ml solutions of the 
proteins in HEPES/Tween. The method measures the ability of 
FVIIJa generated by thrombin cleavage to form the FIXa tenase 
complex responsible for FXa generation, which In turn hydro- 
lyzcs the chromogenic substrate N-c*-Z~p-Arg-Gly-Arg-/?-ni- 
troanilide. To measure FVIII inhibitor activity of Abs, IgG prep- 
arations from patients HA1828 (0.2 mg/ml), HA2222 (0.1 
mg/ml), and HA3112 (0.1 mg/ml) were incubated with diluent 
or the electrophilic FVIII analogs in HEPES/Tween (0.1 ml; 
20 h, 37 "C). Unbound electrophilic analogs in the reaction mix- 
tures (0.1 ml) were removed by chromatography on protein 
G-Sepharose (0.04 ml of settled gel packed in Micro Biospin 
columns, Bio-Rad). The columns were washed with 5 ml of 50 
mM Tris-HCI, pH 7.4, 0.1 mM CHAPS. Bound IgG was eluted 



with 0.1 m glycine, pH 27, 0.1 mM CHAPS (0.2 ml) in tubes 
containing 0.01 ml of I m Tris base, pH 9. The FVIII inhibitory 
activity of eluates was determined using the Coamatic assay or 
the one-stage activated partial thromboplastin time (APTT) 
clotting assay using APTT-SP reagent (29) (Instrumentation 
Laboratory) and an ACL300 plus coagulometer (Instrumenta- 
tion Laboratory) according to the manufacturer's instructions. 
The standard curve was constructed from the clotting times of 
reference FVIIl-containing plasma diluted in FVIII-depleted 
plasma (both from George King Bio- Medical, inc.). Prior to the 
chromogenic FVUI inhibitor assay, FVIII (0.2 IU/ml, 0.025 ml) 
was incubated with the IgG eluates from protein G columns 
(0.025 ml; 1 h). Prior to the APTT clotting assay, pooled plasma 
from normal subjects (0.06 ml) was incubated with the IgG 
eluates (0,06 ml; 2 h). The concentrations of the FVIII inhibi- 
tory IgG in these assays yielded FVIII inhibition in the linear 
range of the inhibition curve (25-75% residual activity of refer- 
ence FVlIJ'Containing plasma). 

RESULTS 

E-FVJU and Multiple electrophilic phosphonate 

groups were placed on FVIff and C2 lys residues (E-FVIII, 52 
mol/mol; E-C2, 7 mol/mol; total available Lys residues, respec- 
tively, 158 and 9; Fig. 1A), producing diverse electrophilic 
epitopes. Reducing SDS -electrophoresis and silver staining of 
E-C2 indicated a single band with mass similar to underivatized 
C2 (18.6 kDa; Fig. LB, lam 3). SDS gels of E-FVIII revealed 
major 225- and 86-kDa bands (respectively, intact FVIII and 
FVIII light chain), minor ~96-200-kDa bands corresponding 
to known proteolytic FVIII fragments (3, 30), and smeared 
aggregate bands (nominal mass values —350 and 580 kDa close 
to the loading position; Fig. \B, lane 1), Other than the aggre- 
gates, these bands were present in underivati2ed FVIII obtained 
from the supplier (Fig. IB, lane 2). The aggregates constituted 
21-32% of the total silver-stainable protein present in three 
preparations of E-FVIII examined. 

We reported recently the presence of nucleophilic sites in 
various nonenzymatic proteins, evident from their covalent 
reaction with small molecule phosphonate dlester compounds 
(E-haptens) containing a positive charge neighboring The elec- 
trophilic phosphorus atom (31). The presence of a naturally 
occurring nucleophilic site(s) in FVIII was suggested by the for- 
mation of a major 225-kDa adduct and a feint 86-kDa adduct of 
FVIII treated with a positively charged E-hapten-1 (Fig. 1C, 
lane I). Only faint adduct bands were observed in reaction mix- 
tures containing the poorly electrophilic control phosphonic 
acid (E-hapten-2) or the neutral phosphonate £-hapten-3> 
Control ovalbumin, a protein with minimal nucleophilic reac- 
tivity (31), did not form detectable E-hapten-1 adduets. The 
E- FVIII aggregates may therefore be interpreted to derive from 
intermolecular covalent bonding between the electrophilic 
phosphonate and a naturally occurring nucleophilic site(s) of 
FVIII. 

To assess antigenic integrity, the binding of E-FVin and E-C2 
by Abs was determined by EL15A using affinity-purified IgG 
preparations from eight l-IA patients positive for FVIII inhibi- 
tory antibodies. All of the IgG preparations at 25 /Lg/ml dis- 
played E-FVIII and E-C2 binding exceeding the mean ± 3 S.D. 
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FIGURE t. Electrophllk FVIII (E-FVIII} and C2 (E-C2 analogy). 4, multldomaln protein FVIII and the single domain protein C2 contain several phosphorate 
dtester groups at Lys side chains to allow electrophlle presentation within diverse antigenic epitopes. For detection of Immune adducts, btotln was incorpo- 
rated fn the proteins as needed. E-hapten-1 is the biotin-conteinlng small molecule phosphonate dlester. E«hapten-2 Is the poorly electrophlllc phosphonlc 
acid counterpart of E-hapten-1. E-hapten-3 is the counterpart devoid of the positively charged amfdfno function. B, silver-stained reducing SDS-polyacrylam- 
Ide gels of E-FVIII [law i) f FVIII {tone 2) t E<2 (/ane 3), and C2 [lane 4) stained with sliver. Marker protein migration Is indicated on the left. C streptavidln- 
peroxldase stained reducing SDS-polyacrylamlde electrophoresis gels of Fvii 1(0.5 jum) treated with hapten probes (100 &m,A h). E-hapten-i,/<mc J;E-hapten-2, 
lane 2; E-hapterv3, lane 3. Lane 4 shows the poorly nucleophllk protein ovalbumin treated identically with E-hapten-1. 



TABLE 1 

E-FVIII and E-C2 binding activity and FVIII inhibitor titer of antibodies 
from HA patients 

MH is non hemophiliac subject. FVIII Inhibitor titers were measured In plasma sam- 
ples rtnd r\re reported in Bcthesda assay units (BU). The E-KVHI and li-C2 binding 
activity at variou.1 dilutions of purified lgC3 {5-100 /ugof IgG/ml) was determined in 
duplicate by EUS A, and the concentration yiddlngM^ vnJmw of0^25 (IgC^) wttfC 
computed from plots of A w versus log l0 [Ab] fitted by linear regression. 



Patient 
ID 


Mosma FVIII 
inhibitor 


e-FVHI binding 


E-C2 binding 
IgGo,^. in /Ag/ml 




RU/mt 






HAI828 


800 


2,7 


2.* 


HA 1834 


150 


3.3 


7.9 


HAI835 


149 


4.5 


5.6 


HA2084 


1024 


4.3 


12.9 


HA2085 


49 


19.2 


J 7.4 


MA2222 


1011 


0.5 


J. 6 


HA2223 


70 


29.9 


56.1 


HA3U2 


198 


5.1 


52^ 


NH1941 


<0.5 


>100 


MOO 



values for control IgG from the nonhemophlMa subject (code 
NH1941; A^ respectively. 0.01 £ 0.01 and 0.07 ± 0.01). The 
IgG concentrations yielding an A^ 90 value of 0.25 computed 
from dose-respon.se curves are reported in Table 1. Fast protein 



liquid chromatography-gci filtration of E-.FVTII permitted sep- 
aration of an aggregate peak eluting close to the column void 
volume (retention time 18.3-21.6 min; 13% of protein loaded 
on the column) from unaggregated E-FVJ.II (retention time 
43.3-46.0 mln). The aggregates did not display reduced reac- 
tivity with IgG from an HA patient (HA1828) compared with 
unfractionated E-FVM (>1 490 L22 ± 0-02 and 0.85 ± 0.10, 
respectively; 30 ug/ml IgG, 93 ng/well E-FVIII aggregates or 
unfractionated FVIII), suggesting that the Ab^ reactive epitopes 
aggregates are present in the aggregates. The ability of E-FVIII 
to consume anti-FVHl Abs was measured following solution 
phase reactions of HA1828 IgG with biotinylated E-FVIII, 
Immune complexes were removed using immobilized strepta- 
vidin, and free Abs in the unbound fraction were measured. 
This procedure resulted in essentially complete removal of Abs 
capable o£binding FV1U or E-FVIII (Fig. 2), E-FVIII, therefore, 
is recogni2ed by the majority of antU FVIII Abs present in the 
HA IgG. 

Irreversible Immune Complexation— Formation of irreversi- 
ble immune adduct of E-FVIII and Abs was initially studied by 
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E-FVIII 




FIGURE 2. Near-complete consumption of airti-FVHI At* by E-FVIII. IgG 

HA 1 828 (0.7 /am) was Incubated in solution phase with diluent or blotlnylated 
E-fVlll (0.1 /iM)for20 h. Immune complcxesand free G-FVHI were removed by 
affinity chromatography using streptavidin-agarose. The flow-through and 
wash fractions were pooled and assayed for binding to Immobilized FVIII IM 
orE-FVIHIn&byELISA. 

reducing SDS-electrophoresis and detection of large-mass 
bands by immunobtotting with anti-human IgG. The E-FVIIJ 
aggregates do not interfere in immune complex detection, as 
they are not stained by the anti-IgG reagent. Treatment of an 
anti-FVlII monoclonal Ab (directed to the C2 domain; clone 
ESH8) with E-FVIII but not FVIII devoid of the electrophllic 
groups resulted in formation of two large-mass bands stalnable 
with anti-IgG Ab, one close to the sample loading position and 
the second with a nominal mass of 500 kDa (Fig. 3A). The the- 
oretical mass of IgG adducts containing one and two 2 FVIII 
molecules are —415 and —680 kDa, respectively. The observed 
large-mass adducts were absent in E-FVIU treated with a con- 
trol monoclonal Ab of the same isotype as the anti-FVTH Ab 
(IgG2a,K), IgG purified from all eight inhibitor-positive HA 
patients formed similar immune adducts with E-FVIII but not 
with FVIII (examples shown in Fig. 3B). Control IgG from the 
non-HA subjects did not form the adducts. The adducts were 
observed despite boiling and SDS denaturatlon, consistent with 
covalent E-FVIII binding by nucleophilic Ab sites. The electro- 
phoresis studies do not reveal Che precise molecular composi- 
tion of the adducts, but they fulfill our purpose of unambigu- 
ously establishing the formation of irreversible and specific 
immune adducts. As in the case of E-FVIII, treatment of biotin- 
ylated E-C2 with the monoclonal anti-FVIll Ab resulted in for- 
mation of the predicted large-mass band stainablc with strepta- 
vidin-peroxidase (nominal mass 187 kDa; anticipated mass of 
bivalent IgG complexed with 2 E-C2 molecules, 188 kDa; Fig. 
3A), No 187-kDa complex was observed by treatment of E-C2 
with an equivalent concentration of the control Isotype- 
. matched monoclonal Ab. IgG from all eight inhibitor-positive 
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FIGURE 3. Irreversfblu binding of E-FVIII and E-C2 to anti-FVIll Abs. A. antl- 
mousc IgG-stalned blots of* an SDS-electrophoresis gel showing boiled reao 
lion mixtures of E-FVfll {lane ?) or FVIII (lane 2) Incubated with the antl-C2 
domain monoclonal antibody (clone ESH8). Lane 3 shows E-Fvlll incubated 
with an Irrelevant l^otype-matched antibody (IgG clone c23.S). tones 4-6* are, 
respectively, streptavidln-peroxidase-stained blots of an SDS gel showing 
boiled reaction mixtures of blotlnylated E-C2 Incubated with monoclonal Ab 
ESHS, blotlnylated C2 Incubated with monoclonal Ab ESHS, and blotlnylated 
E-C2 Incubated with the Irrelevant Isotype-motched Ab, Reaction conditions 
are as follows: IgG, 0.7 a*m; E-FVIII, FVIII, blotlnylated E-C3 or biotlnyiated C2, 
0.2 fj.M (2 h, S7 °C). The antWgG-stalned bands at 50 and 25 kDa In fanes 1 and 
2 are the heavy and light chains, respectively. The bands at 80 and 70 kDa 
represent anomalously migrating Ab subunits.The streptavidln-stained band 
at 1 &.6 kDa in lanes 4- 0* Is the uncomplexed form of E-C2 and Q2. ft represent- 
ative antUhuman IgG-stalned blots of reducing SDS gels showing large-mass 
E-FVIM complexes with IgG from FVIII Inhibitor-positive patients. Laws 1 and 
2, respectively, HA1828 IgG incubated with E-FVIII or FVIII. Land 3 and 4, 
respectively, HA208S IgG Incubated wfth E-FVIII or FVIII. Lane 5, E-Fvlil incu- 
bated with NR1947 IgG (nonhemophilic IgG control). Reaction conditions are 
as In A. C, streptavidln-peroxldase-stalned nonreducing 5DS gels showing 
time-dependent formation of E-C2 Immune complexes following incubation 
with FVN! inhibitor-positive IgG (mass 187 kDa). IgG was from HA subject 
HA1 834 or control subject NH1941. Reaction conditions arc as in A 



HA patients formed the 187-kDa complex with E-C2but not C2 
devoid of the electrophilic groups. Control IgG from the 
non- HA subjects did not form the complex or did SO at very low 
levels (example in Fig. 3C). This rules out an indiscriminate 
covalent reaction of the phosphorate group as the explanation 
for formation of stable Immune adducts by the HA IgGs. 

E-FVIII binding by Abs can be modeled as a two-step reac- 
tion, in which the initial step generates specific noncovalently 
associated immune complexes (state 1 in Fig. 4/1) followed by 
conversion of these complexes to irreversible adducts (state 2) 
via covalent phosphonatc bonding with Ab nucleophiles. The 
model is supported by the following observations. Inclusion of 
excess FVIII devoid of the phosphonates in the reaction mix- 
ture at t ~ 0 inhibited E-FVIII binding by the HA IgG prepara- 
tions, indicating specificity typical of conventional Ab-antigen 
noncovalent binding reactions (Fig. <tfl). We measured.the dis- 
sociation of E-FVM immune complexes formed by the poly- 
clonal HA IgG by removing the free IgG and incubating the 
reaction mixture for 20 h In excess FVJII (which precludes reas- 
sociation of dissociated complexes). Seventy five percent of the 
immune complexes remained in the associated state (Fig. 4C)« 
Under these conditions, there was near-complete dissociation 
of the noncovalent immune complexes formed by die high 
affinity monoclonal anti-FVIll Ab (clone ESH8, 0.4 nM; Ref. 
32) with FVIII devoid of the phosphonates. This is consistent 
with the observed dissociation rates of other high affinity non- 
covalent immune complexes (33). As the experimental protocol 
effectively distinguishes between noncovalent and irreversible 
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FIGURE 4. Spedfk Irreversible E-FVHI binding by HA IgG preparation:;. 4 two- 
step reaction model for generation of Irreversible adduce E-FVIII and Abs. The 
Initial noncovalent binding reaction Imparts specificity to the reaction (state 1 ). 
The covalent reaction occurs If the electrophilic phosphonate Is In register with a 
naturally occurring nucleophlle In the A b combining site (state 2). 8, saturablllty 
of E-FVIII binding by HA 1828 IgG (0,07 i*m) evident from competitive Inhibition 
with excess FVIII (0.25 jam) included In the reaction mixture. Total binding was 
determined In PB5. Incubation time was 4 h. C, nondbsociable E-FVlll complex- 
ation by HA1828 IgG. Top, assay protocol, Left after formation of Immobilized 
E-FVlll Immune complexes with HA 1 828 IgG for4 h as in A, free IgG was removed 
by extensive washing, and the complexes were allowed to dissociate over 20 h in 
the presence of excess FVIII (0.25 pM). Binding in PBS prior to IgG removal Is 
labeled Binding, t = 0, Binding after removal of IgG and incubation for 20 h in 
excess FVhj Is labeled Nandfcsodabte binding, r - 20. Right, same experimental 
protocol was applied to determine nondlssociable binding of FVIII devoid of the 
electrophilic groups with the monoclonal antl-fVlll IgG ESH8 (0.07 /am). Values an? 
corrected for nonsaturable binding In wells that received excess FVIII at r = 0 the 
reaction (nonsaturable A„ a for HA ICjG,0.21;for ESH8 IgG, 0.14). 

complexes, it may be concluded that the majority of the com- 
plexes is converted to the irreversible state. 

Irreversible immune complexation was studied further by an 
ELISA method entailing dissociation of the noncovalent state 1 
complexes with 2% SDS (30 min of treatment). The protocol 
has been validated in our previous report of covalent complex- 
ation of human immunodeficiency virus gpl20 by Abs (16). 
Treatment with SDS dissociated the noncovalent complexes of 
FVIII devoid of the electrophilic phosphonates and the high 
affinity ajnti-FVlII monoclonal Ab (<10% residual binding after 
SDS treatment). After incubation with IgG preparations from 
HA patients (n = 8) for 2 h, 77.6 i 9 J % complexes formed by 
E-FVITI and 66 3 ± 17.6% of the complexes formed by E-C2 
(mean i S.D.) were refractory to dissociation by SDS (Fig. 5A). 
The proportion of SDS-refractory complexes reached plateau 
levels within 30 min (Fig. 58), indicating rapid conversion of the 
state 1 noncovalent complexes to state 2 irreversible adducts. 
values for formation of the complexes m nondenaturing solvent 
(PBS; state 1 + state 2 complexes) and SDS (state 2 complexes) 
were comparable (2.5 and 2.3 h, respectively). This suggests 



Covalent FVIII Antibody Inactivation 

that noncovalent binding of E- FVIII and Abs is the rate-limiting 
step In accumulation of the covalent adduces. Taken together, it 
may be concluded that the electrophilic phosphonates are in 
sufficient proximity with Ab nucleophiles in a majority of non- 
covalent complexes to allow conversion to the covalently asso- 
ciated state. Approximately 15% of die E-FVIII immune com- 
plexes remained SDS-dissociable in Fig. 5£, suggesting that the 
covalent bonding is disallowed in a m inor ity of complexes. Fab 
fragments prepared from the IgG of patient HA1828 displayed 
SDS-refractory binding to E-FVIII equivalent to intact IgG (Fig. 
5Q. This suggests that an avidity efFect because of bivaJent IgG 
binding is not a factor, and the irreversible binding can be 
attributed to monovalent Ab combining sites. 

Jtreversible Loss of Antibody Inhibitory Activity— The func- 
tional effect of E-FVlll and E-C2 was studied by measuring 
irreversible Joss of FVIII inhibitory activity of IgG from patients 
HA1828. HA2222, and HA3J.12 (plasma FVIII Inhibitor titer: 
800, 1011, and 198 Bethesda assay units/ml, respectively). The 
IgGs were treated with E-FVIII (0.1 fiM), E-C2 (1 ujw), or control 
E-VIP (0.1 and 1 /i,m). Protein G-Sepharose columns were used 
to capture free IgG and immune complexes, and free polypep- 
tides were removed by extensive washing. Column eluates from 
reaction matures of IgG and the E polypeptides were tested for 
the ability to inhibit FVIII cofactor activity by the chromogenic 
Factor Xa (FXa) generation assay or the one^stage APTT assay. 
The FXa generation assay measures the ability of FVIII to gen- 
erate the catalytic complex with FIXa responsible for convert- 
ing FX to FXa. The APTT assay measures the time to clot for- 
mation of plasma after initiating the coagulation cascade by 
phospholipid contact activators that promote Factor XII con- 
version to Factor XJ.la. Several control experiments were con- 
ducted prior to studying E-FVIII and E-C2 effects. Dose-de- 
pendent inhibition of FVIII cofactor activity was observed in 
both assays using protein. G eluates from control reactions con- 
taining increasing HA IgG concentrations (16 -100 ptg/ml) and 
diluent. The recovery of FVIII inhibitory activity in the eluates 
was 67-95% of the activity predicted from the plasma Bethesda 
titers of the three HA patients, Identically processed IgG from a 
no»*HA subject treated with diluent was devoid of FVIII inhib- 
itor activity. Eluates obtained by chromatography of 0-1 ujvi 
FVIII in diluent without IgG did not display detectable FVIII 
activity, confirming removal of free polypeptides by the chro- 
matography procedure. Similarly processed E-FVIII or E-C2 in 
diluent without IgG did not express detectable FVIII activity. 

Treatment of the IgG preparations with the irrelevant 
E- polypeptide E-VIP was without noticeable effect on the FVIII 
inhibitor activity (< 15% loss of activity compared with diluent- 
treated inhibitory IgGs). In comparison, treatment with 0J jlim 
E-FVIII relieved the FVIII inhibitor activity of the three IgG 
preparations by an average of 87.9 ± 7.1% (S.D.) and 69.2 ± 
5.2%, respectively, determined by the chromogenic FXa and 
APTT assays (Fig. 6A). E-C2 was less potent than E-FVIII, and 
higher concentrations of E-C2 were necessary to obtain IgG 
inactivation. Treatment with 1.0 plm E-C2 relieved the FVIII 
inhibitor activity of the IgG preparations by 40.1 ± 17.8 and 
29.6 ± 13.5%, respectively, determined by the FXa and APTT 
assays (Fig. 6B). From these results, it may be concluded that 
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FIGURE 5. Irreversibility of E-FVIII complexatlon with At* In denaturing solvent. A, SD$-refractQry binding of 
E-FVIII and E-C2 by HA IgG. Plotted are values of residual binding that survived treatment with 2% SDS for 30 mjr\ 
expressed as percent of total binding without SDS treatment. A^ values for total E-FVffl and E-C2 binding by IgGs 
from Individual patients were as follows, respectively. HA1828, 1,20 and 1.24; HA 1834, uo and 0.68; HA1 035, 1.09 
and 0.96; HA2084, 0.97 and 1.02; HA20S5, 1.30andOS4; 1 .1 2 and 073; HA2223, a83 and 0.45; and HA31 1 Z 

0,79 and 036. IgG concentrations, 6.3-100,0 jig/ml (adjusted to yield reliable 4^ values from preliminary dose- 
response experiments). Residual binding was calculated as: TOO x W 490(Pns - /WpsW^wpw- & tlnr * cou rse of 
total and SDS-refractory E-FVIII binding by HA 1828. Residua) binding was computed as in A IgG HA 1828 was 25 
/jgflmL C irreversible E-FVIR binding by Fab fragments from IgG HA 1828. TotoJ binding and SDS-refractory binding 
by Fab fragments (75 jig/ml) were determined as In A. Inset, Coomassie Blue-stained SDS-electrophoresIs gels 
(nonreducing) of IgG (/one 2) and Fab {fane 3)* Molecular mass markers, lane h 



patients was detected by ELISA 
(n = 7 patients; A^ < 0.1; data not 
shown). Denaturing electrophoresis 
of boiled reaction mixtures contain- 
ing excess biotinylated E-(2303- 
2332) revealed smal) amounts of 
Immune adducts formed by IgG 
from two of the seven HA patients 
but not control IgG from the 
non-HA subject (56-kDa IgG heavy 
chain band, Fig. 8J3). However, 
treatment of these IgG preparations 
without and with excess E-(2303- 
2332) (20 ulm) did not Influence 
their FVIU inhibitory activity (Fig. 
8C). This suggests that E-(2303- 
2332) binding Abs do not constitute 
a functionally significant propor- 
tion of the FVIU inhibitory Abs in 
these subjects. Certain other FVIU 
synthetic peptides are recognized by 
anti -FVIII Abs found in HA patients 



irreversible occupancy of the Ab combining sites by E-FVW 
and E-C2 results in loss of the IgG FVIU inhibitory activity. 

E-FVW Reactivity with Coagulation Factors— The cofactor 
role of FVIII in blood coagulation depends on interactions of 
discrete FVIII regions with various coagulation proteins and 
phospholipids (34). We compared the ability of E-FVIII and 
FVIII to generate FXa. E-FVIII or FVIU was Incubated with a 
mixture of FIXa, thrombin, calcium chloride, phospholipids, 
and FX. FXa enzymatic activity was quantified using a chromo- 
genic peptldyl ester substrate ♦ FXa activities in die presence of 
E-FVIII were 2—3 orders of magnitude lower than in the pres- 
ence of FVIII (EC 60 values, respectively, 14.8 and 0.03 IU/rnl; 
Fig. 7A). Thrombin, FIXa, and FXa are serine proteases. We 
examined the possibility that nonspecific serine protease inhi- 
bition by the electrophilic phosphonates is the reason for low 
FXa activity observed in the presence of E-FVIJL Comparable 
activities of FXa generation were evident in the presence of 
FVIII alone or FVIII mixed with E-FVIII, indicating the pres- 
ence of fully functional serine proteases (Fig. 7B). As an addi- 
tional test of nonspecific serine protease inhibition, FVIU-con- 
tainlng normal human plasma was incubated for 2 h at 37 °C 
with an equal volume of diluent or E-FVIII (100 nM; corre- 
sponding 110 IUFVUl/mh physiological concentration of FVIII 
~1 IU/rnl). E-FVIII did not prolong the time to clot formation 
determined by the APTT test compared with control assays 
conducted in the absence of E-FVIII (59.0 ± 0.1 s). This sug- 
gests that E-FVUI does not interfere with serine protease fac- 
tors involved in blood coagulation. 

FVIU Peptide Analogs— At high concentrations, the 2315- 
2332 region of the C2 domai n is suggested to relieve partially 
the FVIII inhibitory effect of Abs found in some but not all 
inhibitor-positive HA patients (35). We prepared the electro- 
phiHc analog of the synthetic FVIU peptide 2303-2332 contain- 
ing the phosphonate at Lys-2320 (E* (2303-2332), Fig. &A). No 
E-(2303-2332) binding by IgG from our inhibitor- positive HA 



with low affinity. In this study, we 
tested the following peptides (devoid of phosphonate groups): 
A2 domain residues 484 -508 (36), A3 domain residues 1804- 
1819 (37), and B02CU peptide, a mimetic of a C2 domain 
conformational epitope (12). The peptides were not bound 
detectably by the seven HA IgG preparations studied (A d90 < 0.1 ). 
At a concentration of 200 m-m, the peptides failed to relieve the 
FVIII inhibitor activity of the HA IgG preparations (measured 
as in Fig. 8C; <15% difference for diluent- treated IgG; data not 
shown). We concluded that the reactivity of the peptides with 
the Abs is insufficient to afford useful Ab inactivation. Previous 
reports have also suggested that the inhibitory Abs recognize 
large FVIU polypeptide fragments (6) better than small pep- 
tides, suggesting that the Abs are directed m ainly to conforma- 
tional rather than linear epitopes (12, 35, 36). 

DISCUSSION 

Infused FVIII is ineffective jn correcting defective blood 
coagulation in a subpopulation of FVIU- deficient HA patients 
producing inhibitory Abs to the protein. Here we describe elec- 
trophilic FVIII analogs that bind specifically and covalently to 
the nucleophllic sites of Abs. E-FVIII and E-C2 were bound 
irreversibly by IgG preparations from each of eight inhibitor- 
positive HA patients studied. The unique mechanism of action 
of the electrophilic analogs was also evident from irreversible 
relief of FVIII inhibition by the Abs in coagulation assays. Full- 
length E-FV1I1 inactivated the Abs with superior potency com- 
pared with E-C2 and synthetic FVIII peptides. This is consistent 
with findings that HA patients produce Abs directed to diverse 
FVIII epitopes outside the C2 domain (2, 35). Our studies pro- 
vide proof-of-principle that targeting of Ab nucleophilic sites 
can relieve the pathogenic effects of Abs. The strengths of this 
approach and potential means to address its weaknesses are 
discussed below. 

Irreversible reactions of E-FVIII and E-C2 with Abs from HA 
patients were evident from the failure of denaturing treatments 
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FIGURE 6. low of FVIII inhibitory activity of antibodies by treatment with 
E-FVIII {A) and E-O <0) determined by the APTT clotting a«*y and ehro- 
mogonk FX* assay. IgG from three inhibitor-positive patients (HA1 B28, P.00 
^g/ml; HA2222, 100 p.g/ml; HA3H2, 100 tx$/rt\\) was treated wfth E-FV1II or 
E-VIP (0,1 jaw; rt) and E-C2 or E-VIP (1.0 hm;B) In 0.?-ml reaction mixtures for 
20 h. Free ^-polypeptides were removed by protein G affinity purification. 
igGs along with any stable immune complexes were recovered with 0.2 ml of 
elutlon buffer. FVIIf cofector activity was determined by the one-stage APTT 
clotting assay with 0,06^ml eluates mixed with an equal volume of FVIII-con* 
talnlng normal plasma (incubation for 2 h, 37 *C). FVIII cofactor activity was 
determined by the chromogenie FXa assay (Dlapharma Coamatre kit) as in Fig. 
4 with 0.025*ml column eluates Incubated with recombinant FVIII (0.025 ml; 
0.2lU/mf; 1 h,37 °Q. Percent relief from FVIII Inhibitory activity was computed 
as follows: (FVIII Inhibitor activity In the presence of E-VIP - FVIII Inhibitor 
activity in the presence of E-FVIII or x 100/{FVI|| Inhibitor activity in the 
presence of E-VIP), where FVIII inhibitor activity denotes (FVIII cofactor activity 
In the absence of IgG - FVIII cofactor activity in the presence of IgG). FVIII 
Inhibitor actrvlty was read from the linear portion of the curve constructed 
using various dilutions of standard FVIH-containing plasma (0.95 lU/ml). Val- 
ues plotted are means of duplicates ± S.D. A, FVIII activity levels without 
IgG treatment In the APTT and chromogenie FXa assays were, respectively, 
0.37 £ 0.01 and 0.045 ± 0.015 lUAni. in the APTT assay, FVIH activities In 
the presence of IgG from subjects HA182Q (1D0 vy/ml), HA2222 (50 
^g/mf), and HA31 12 (50 jig/ml) treated with control E-VIP were, respec- 
tively, 0.1 1 ± o.oe,o.04 ± 0.01, and Q.07 ± 0.01 IU/ml.The FVIII activities in 
presence of these IgG preparations (4.5 jtg/ml) treated with control E-VIP 
in the chromogenie FXa assay were 0.019 ± O.0O7, 0.030 £ 0.003, and 
0.000 ± 0.001 lU/ml. 6, FVIII activity in the absence of IgG in the APTT and 
chromogenie FXa assays were, respectively, 0J6 E 0.02 and 0.054 ± 0.009 
lU/ml. In the APTT assay of B, FVIil activities In the presence of IgG from 
subjects HA1828 (33 u^/ml), HA2222 (16>g/ml) or HA31T2 (16 ng/ml) 
treated with control C-VIP were, respectively, 0.25 ± 0.03. 0.1 8 ± 0.01 and 
0.21 ± 0.8 lU/ml. The FVIII activities in the presence of IgG from subjects 
HA1828 or HA2222 (4.5 ^/ml) treated with control E-VIP In the chromo- 
genie FXa assay were 0.013 ± O.005 and 0.018 ± 0.001 lU/ml. 
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FK2LTRH 7. Clotting factor activity of E-FVHI. A, recombinant FVIII and E-FV1I1 
were assayed for formation of the FVIMa-FIXa tenase complex responsible for 
FXa activation. Shown are A« 05 values (means of duplicates ± S.D.) corre- 
sponding to FXa-catalyzed hydrolysis of A/<»-benzyloKycarbonyl-o-Arg-Gly- 
Arg-p-nltroanilide, B, inability ofE-FVl II to Interfere with clotting factor activity 
of FVIII. Activation of FXa by FVIII alone, E-FVIII alone, or FVIII mixed with an 
equivalent mass of E-FV1K was measured as In A. 
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to dissociate the immune adduets. Similarly, a majority of the 
adduces remained undissoctatcd in nondenaturing solvent after 
removal of free Abs and prolonged Incubation in excess com- 
petitor FVIII. There was no evidence that E-FVIII or E-C2 react 
nonspecifically with irrelevant Abs, This supports a two-step 
reaction model in which initial noncovnlcnt binding confers 
specificity to the reaction, followed by covnlent bonding of the 
electrophilic phosphonates with Ab nucleophiles. Conversion 
of the noncovalent complexes to irreversible adduets was rapid, 
and noncovalent E-FVIII binding by the Abs was rate-limiting. 
This is consistent with the strong clectrophilicity of phospho- 
nate diescers evident from the study of nucleophilic enzymes. 
The first order rate constant for the reaction of a phosphonate 
diester with trypsin is 0.03 s" A (15, 38). IgG nucleophilic reac- 
tivities can exceed that of trypsin (14), consistent with rapid 
conversion of noncovalent E-FVIII immune complexes to irre- 
versible adduets. We did not address in detail the extent of 
damage to the antigenic structure of FVIII caused by introduc- 
ing phosphonate groups. However, all eight HA IgG prepara- 
tions displayed E-FVIII binding. The observed E-FVJU aggre- 
gation reaction is likely because of the reactivity of phosphonate 
groups with an endogenous nucleophile of FVIIL Formation of 
the aggregates did not appear to impact the reaction with Abs 
negatively, as the aggregates were bound by an HA IgG prepa- 
ration comparably to unfractionated E-FVIII. Treatment with 
excess E-FVIH resulted in near-complete consumption of FVIII 
binding Abs, indicating that most epitopes recognized by the 
Abs are expressed on E-FVIII. . 

To determine the functional consequence of irreversible 
occupancy of Ab combining sites, free E-FVIII was removed 
from the E-FVIII/IgG reaction mixtures prior to clotting factor 
assays. E-FVill* treated HA lg<3 preparations displayed reduced 
FVIII inhibitor activity (by 61-99%). An irrelevant E-polypep- 
tide was without effect, suggesting specific Ab inactivatlon. The 
functional results are consistent with biochemical studies indi- 
cating that the majority of noncovalent complexes are con- 
verted to irreversible adduets. It maybe concluded that electro- 
philic phosphonates are available for covalent bonding in most 
FVJH epitopes recognized by Abs. This is significant, as diverse 
Abs directed to various FVIII epitopes must be inactivated irre- 
versibly to obtain a functionally useful effect. The linker attach- 
ing the phosphonate groups to FVUI contains single bonds 
around which rotation is permissible. The resultant spatial free- 
dom enjoyed by the phosphonates should facilitate approach of 
the electrophilic phosphorus atom within covalent binding dis- 
tance of Ab nucleophiles. Conversely, the failure of a minority 
of the reversibly associated complexes to convert to the irre- 
versible state suggests room for improvement in the structure 
of the E-FVIII. Factors that may limit the covalent reaction are 
as follows: (a) some epitopes may not be labeled with the elec- 
trophilic phosphonate if they do not contain a sufficiently 
exposed Lys residue; (b) the distance between the phosphonate 
and Ab nucleophile or the spatial orientation of these groups 
may be nonper missive for covalent bonding; and (c) a minority 
of the Abs may lack nucleophilic sites. We hold the last men- 
tioned possibility unlikely as the nucleophilic reactivity was 
expressed by the variable domains of every recombinant Ab 
fragment and monoclonal Ab examined previously (14, 23). 
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FIGURE 8. Covalent binding, of peptide E-(2303-2332) to inhibitory IgG and effect on FVIII Inhibitor 
activity* A, structure of the E-(2303-2332) peptide analog, p and Bt denote, respective^ the phosphonate and 
blotln groups. B, streptavWin-peroxldase-stafned blot of a reducing SDS-electrophorcsts gel showing boMed 
reaction mixtures of blotlnylated H2303-2332) (10 pjw) Incubated with HA1834 IgG, HA1835 IgG or control 
NH1 941 IgG (75 ^q/mU 20 h, 37 °Q. The bands at the bottom of th? fcnes and the 56-kOa position represent, 
respectively, the free E-(2303-2332) and E-(2303-2332) complexed to the heavy chains of the IgG. C FVIII 
L n £!£ ltory * ct,vf *y of ! S G preparations treated with E-(2303-2332). FVIII cofactor activity was measured by the 
APTTassay after Incubation of HA IcjGl 834 or HA IgG 1 835 (400 fig/m\) with E-{2303-2332) (20 jl*m; 20 h at 37 °C) 
and treatment of Fvl I Containing normal plasma with varyinq concentrations of the reaction mixtures (diluted 
1/2 and 1/6). Fvlll Inhibitory activity was computed as follows; 100 ~ 100 x (Fvllf activity in presence of IcrG/FVIII 
activfty — - -u.^^ -a-r. — *'^m, > - 

Fig. 6^ 



fty In absence of IgG). FVIII activity In absence of IgG was 0,54 Ill/ml. Experimental procedures were as In 
k Values plotted are means of duplicates ± S.D. 



That the irreversible E-FVUI binding activity in this study is a 
property of Ab variable domains is confirmed by observations 
that the antigen binding Fab fragments of IgG displayed this 
activity, 

FX activation occurs via formation of the FVIIIa-FIXa com- 
plex on phospholipid surfaces ("tenase complex"). E-FVIII was 
a poor activator of FX compared with underivatized FVIII. A 
low level risk of thrombotic events is associated with overdose 
of bypass reagents such as recombinant Factor VI I (9). The poor 
cofector activity of E- FVIII may be a functional Jy useful prop- 
erty, as this diminishes the risk of a thrombotic effect. Possible 
reasons for the poor cofactor activity of E-FVIII are as follows: 
[a) structural perturbations because of introduction of phos- 
phonate groups may render E-FVUI resistant to thrombin 
hydrolysis; (b) even if E-FVUIa is produced by thrombin hydrol- 
ysis, it may not form the tenase complex; or (c) E-FVUI may 
inhibit serine proteases indiscriminately. Possibilities a and h 
are Innocuous, in that they should not produce undesirable 
effects. The potential inhibition of serine proteases involved in 
the coagulation pathway, however, merits attention. High 
micromolar to milli molar concentrations of small molecule 
phosphonatcs are reported to bind covalently to the nucleo- 
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phillc sftes of serine proteases (17). 
E-FVUI did not interfere with FVIU- 
dependent hydrolysis of the pepti- 
dyl ester substrate catalyzed by FXa, 
indicating that it does not inhibit 
the enzymes necessary for this reac- 
tion (thrombin, FIXa, and FXa). 
Moreover, no prolongation of the 
time to fibrin clot formation was 
observed in the APTT test at an 
E-FVIII concentration that relieved 
the FVIII inhibitor activity of the 
Abs irreversibly. These observa- 
tions indicate that E-FVIII can 
selectively Inactivate Abs without 
functionally significant inhibition of 
serine protease clotting factors. 

The phosphonate- containing E- 
FVIII is a first generation reagent. 
Future genetic and chem ical manip- 
ulations may help develop improved 
E-FVIII analogs. As the selectivity of 
the reaction derives from noncova- 
lent Ab binding, the conformation 
of E-FVIII should preferably be as 
close to native FVIII as feasible. As 
the covalent reactivity of E-FVIII is 
not rate-limiting, it may be useful 
to reduce the electrophilicity of 
E-FVIII to further minimize reac- 
tions with non-Ab serine proteases 
while maintaining sufficiently rapid 
covalent Ab bonding capability. 
Carbon-based electrophiles placed 
at defined positions within FVIII 
may offer sufficient electrophilicity 
to inactivate Abs directed to individual epitopes with minimal 
overall structural perturbation of FVIII. Electrophilic pyruvate 
analogs and dicarbonyl compounds react covalently with pro- 
tein nucleophilic sites (38, 39), and suppressor tRNA technolo- 
gies for incorporation of such compounds into the protein 
backbone are available (40). The half- life of FVIII in human 
circulation (trf is -12 h (41). Aggregation of proteins can influ- 
ence their clearance in vivo, E-FVIII aggregation appears to 
involve a naturally occurring nucleophile that reacts with the 
phosphonate groups. Availability of an FVIII mutant with defi- 
cient nucleophilicity will help minimize the aggregation reac- 
tion. Site-directed mutagenesis has been applied previously to 
generate enzymes and Abs with deficient nucleophilic reactiv- 
ity (20, 42). A significant proportion of inhibitory Abs to FVIII 
in HA patients is directed to the C2 domain (43). However, Ab 
diversity and the conformational character of the immu- 
nodominant epitopes pose significant challenges. This is illus- 
trated by our observations using E-C2 and E-(2303-2332), a C2 
peptide analog. E-C2 was consistently less reactive with HA IgG 
than E-FVTH, E- (2303-2332) displayed very limited reactivity. 
For these reasons, developing mixtures of large E-FVIII 
polypeptides or optimization of the fulMength E-FVIIJ struc- 
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ture are preferred routes to clinical application of the covalent 
inactivation approach described here. 

The FVIH inhibitory potencies of Abs in HA patients can 
vary over 3 log orders, and the titers can exceed 1000 Bethesda 
assay units/ml (44, 45). The magnitude of the titers depends on 
the concentration and affinity of Abs directed to the neutraliz- 
ing FVUI epitopes. The irreversible reaction of E-FVW offers 
the advantage of more potent Ab inactivation if certain condi- 
tions are met. For example, 84% of 1 nvt Ab with 1 0 hm will be 
in free state after equilibrium is attained with 2 hm reversibly 
binding antigen (see supplemental Fig. SI). Assuming a cova- 
lent binding rate constant that does not limit the overall reac- 
tion rate (as observed in this study), only 6% of the Ab will exist 
in free state after Incubation for 12 h with an irreversible bind- 
ing antigen. Consumption of the Abs by the irreversible antigen 
will occur at superior levels as long as the Ab concentration 
does not exceed the With increasing Ab concentration or 
decreasing K d values, Ab consumption by the irreversible and 
reversible antigen will approach equivalence, and the potential 
advantage of the former antigen is lost. Even if the Abs are 
initially consumed at equivalent levels by E-FVIII and FVIII, the 
former reagent should provide more long lasting Ab inactiva- 
tion in vivo. With reducing concentrations of free FVUI in 
blood because of metabolic clearance, a progressive reduction 
in the concentration of reversibly associated immune com- 
plexes will occur. The irreversibly associated E-FVIII immune 
complexes, on the other hand, are not subject to dissociation 
because of metabolic clearance of E-FVIIL With respect to cat- 
alytic Abs, a nonhydrolyzable antigen analog such as E-FVIII 
offers superior inactivation potency even when [ Ab] > K d (see 
supplemental Fig. SZ), 

In addition to Abs to FVIII, other antigen-specific Abs exert 
harmful effects in various diseases, e.g. autoantibodies to the 
acetylcholine receptor in myasthenia gravis (46) and to platelet 
antigens in autoimmune thrombocyte purpura (47). Nonspe- 
cific immunosuppressive agents are used to control Ab produc- 
tion, but this Is often accompanied by profound side effects and 
enhanced susceptibility to injection. As several eiectrophilic 
polypeptides are documented to bind their cognate Abs irre- 
versibly ( 14, 1 5), it is reasonable to consider the generality of the 
Irreversible Ab targeting approach in future studies. Consider- 
ation of the effect of eiectrophilic antigens on the cells respon- 
sible for Ab synthesis is also warranted. Antigen binding to the 
antigen receptor (immunoglobulins complexed to signal trans- 
ducing proteins) drives maturation of B lymphocytes into Ab- 
secreting celts. Saturation of the antigen receptor Induces B cell 
apoptosis and immune tolerance (48, 49). Administration of 
very large amounts of FVIH on the order of grams induces 
immune tolerance to FVIII in a subpopulation of HA patients 
{10, 11). We reported covalent binding of an eiectrophilic hap- 
ten to nucleophilic B cell antigen receptors (23)- Eiectrophilic 
antigen analogs afe predicted to saturate cellular antigen recep- 
tors more readily than the reversibly binding antigen. In pre- 
liminary studies (50) we observed that prior treatment with 
E-FVIII attenuated Ab synthesis by B cells challenged with 
FVIH. Taken together, these considerations support further 
development of eiectrophilic antigen analogs for irreversible 
inactivation of pathogenic Abs. 
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Towards irreversible HIV inactivation: Stable 
gpl20 binding by nucleophilic antibodies 
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Conventional antibodies; react with antigens reversibly. Wc report the formation of unusually stable 
complexes of HIV gpl20 and nucleophilic antibodies raised by immunisation with an electrophfHc HIV 
gpl20 analog (E-gpl20). The stability of the complexes was evident from their very slow dissociation In a 
nondenafuring solvent (approximate fi/i 18.5 days) and their resistance to dissociation by a denaturant 
commonly employed to disrupt noncovalent protein-protein binding (sodium dodecyl sulfate). Kinetic 
studies indicated time-dependent and virtually complete progression of the antibody-gpt 20 complexes from 
the initial noncovalent state to a poorly dissociable state. The antibodies to E-gpl20 displayed improved 
covalent reactivity with an elcctrophilic phosphonate probe compared to control antibodies, suggesting their 
enhanced nucleophilicity. One of the stably binding antibodies neutralized the infectivity of CCR5- 
dependent primary HIV strains belonging to clades B and C. These findings suggest the feasibility of 
raising antibodies capable of long-lasting inactivation of antigens by electrophiUc immunization. Copyright 
© 2006 John Wiley & Sons Ltd. 

Keyword*: nucleophilic antibody; gpl20; MlV 
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INTRODUCTION 

Following noncovalent substrate recognition, many 
enzymes employ nucleophile-elecTrophilc interactions to 
form covalent reaction intermediates (Hedstrom, 2002). The 
presence of nucelophiles in Ab combining sites is suggested 
by observations that haptenic elcctrophilic phosphonate 
diesters originally developed as probes for serine proteases 
(Oleksyszyn and flowers, 1994) bind covalently to IgM Abs 
synthesized early in the ontogeny of the immune response 
(Planque ti aL> 2004). Adaptive immunological processes 
occurring over the course of the immune response hold the 
potential of improving the naturally occurring nucleophilic 
reactivity of Abs and permitting development of specific 
catalytic Abs (Planque et aL, 2004). Examples of antigen- 
specific catalysts by Abs produced in various immunological 



•Corrwpwidcncc to: S. Paul. Dapnruncnl of Pathology and Lnbonuury Medi- 
cine, University of Tcxa*-Ho»i$ton Medical School, 0431 Fannin. Mowtan. TX 
77030, USA. 

e-mail: SiKlhlr.PAulQuth.lmc.oJn 

C<m'nact/grant sponsor: National Institutes of Health; canlracj/xram nnmben; 
AW 268; AI058865; A1058684: AG0253D4. 

Confract/smnt sjwnxtyrt: Tbxaji Higher Rducatlon Coordinating Soard: Hemo- 
philia Awraciatloo of New York. 

Abbfcvtatiora used: Ab. antibody; Bi-gp120. biotinylated gpl20; E-#pr20, 
elcctrophilic annlog of gp12G; HfV, human Immunodeficiency viru*; MAb. 
monoclonal antibody: SOS. sodium dodecyl u> I futo. 

Copyright (D 2006 John Wiley & Sons, Ltd. 



diseases have been reported (Paul etaL 1989: Shuster et a/./ 
1992; Lacroix-Desmazes et al., 1999) but most Abs raised 
by routine immunization with polypeptides do not express 
proteolytic activity. Hypothesising thai adaptive immune 
processes can strengthen the nucleophilic reactivity in 
coordination with development of noncovalent antigen 
binding forces, we raised monoclonal Abs (MAbs) by 
immunization with HIV gp!20 containing electrophilic 
phosphonate diesters within its antigenic epitopes (E-gpl20; 
Paul et al. t 2003). This approach is based on the discovery of 
serine protease-like sites in naturally occurring Abs (Paul 
et ciL, 1991; Gao et <z/., 1994) and Abs raised by 
immunization with a hapten phosphonate monoestcr (Zhou 
et al. t 1994). A minority of the MAbs displayed slow 
proteolytic cleavage of gp!20. The phosphonate electro- 
philes integrated into the gpl20 immunogen may be 
anticipated to select for Ab active sites with adaptivcly 
improved nucleophilic reactivity but not sites that facilitate 
the subsequent water attack and product release steps, with 
the result that catalysis occurs slowly. Regardless of the 
ability to complete the catalytic cycle, the covalent character 
of the MAbs may result in formation of immune complexes 
that are more stable than customary reversibly associated 
complexes. Here, we describe the formation of exc- 
eptionally stable immune complexes by gpl20 devoid of 
artificial electrophtles with the Abs raised by immunization 
with E-gpl20. One of the stably binding MAbs displayed 
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cross-cladc HIV neutralizing activity, a property rarely 
encountered in anti-HTV Abs. 



MATERIALS AND METHODS 

MAbs 

The preparation of nmi-E-gp120 MAbs from mice 
hyper-immunized with E-gpl20 has been described pre- 
viously (Paul et ol. y 2003). The E-gpt20 contained 23-32 
mol phosphonatc/mol protein located at Lys side chains. 
Additional MAbs were obtained from the AIDS Research 
and Reference Reagent Program (Division of AIDS- NIAID, 
NIH), Dr Susan Zolla-Pazner (anti-V3 MAbs 257-DIV, 268- 
DIV), Dr Dennis Burton and Dr Carlos Barbae (anti«CD4 
Wilding site MAb bl2), Tmmunodiagnostics (anti-V3 MAb 
1121), Sigma-Aldrich (MAb MOPC21; JgGl. k isolype 
control for MAb SK-T03) and ATCC (MAb CRL1689; 
IgG2a, k isotype control for MAb YZ23). All experiment 
reported here utilized IgG purified to electrophoretic 
homogeneity from tissue culture supernatant* or incites 
by affinity chromatography on immobilized protein G (Paul 
ct ai, 2003). Fab fragments of MAb SK-T03 were prepared 
by the method described previously (Planque et al, n 2004). 



Stability in SDS 

The method for measuring MAb binding to E-gp120 
refractory to dissociation with SDS lias been described (Paul 
et al, 2003). Formation of stable complexes following 
incubation of gp!20 devoid of artificial elcctrophiles with 
MAbs was studied essentially in the same manner by 
treatment of the ELIS A plates with 2% SDS (w/v) for 30 min 
prior to measurement of bound MAbs. Tbtal binding 
(reversible -I- irreversible) was measured by incubation with 
diluent instead of SDS. Recombinant gp!20 was from MN 
strain (40ng/we11: purified from baculovtrus expression 
system; Protein Science). Bound MAbs were detected using 
peroxidase-conjugated goat anti-mouse IgG or goat anti- 

hiimnn TgTy (Rr cp/»rtfir SJigmo.Alrlrirh) Fr»r i/ , li w nfifir > «finrt 

of adducts by electrophoresis, biotinylated gp120 (Bt- 
gp!20, 6.7 mol biotin/mol gpl20, see Paul et al. y 2003 for 
preparation method) and MAb reaction mixtures in 50mM 
Tris-HCl, 0.1 M glycine, pH 7.7, 1 mM 3-|(3-cholamido- 
propyl)dimcthylammonio]-l-propancsuifonic acid (CHAPS) 
and 1 .3% gelatin were subjected to SDS-gcl electrophoresis 
(4-20%, Bio-Rad). The gels were electroblolted onto 
nitrocellulose and probed for the presence of bio tin or 
IgG using peroxidase-conjugated streptavidin (Sigma- 
Aldrich) or peroxidase-conjugated goat ami -mouse IgG 
(heavy and light chains; Pierce), respectively, and a 
chemiluminscent substrate. The hapten probe for 
nucleophilic reactivity, di phenyl A?*(6-hiotinamidohexan- 
oyl)amino(4-finiidinophenyl)methanephosphonate (phospho- 
nate 1), and measurement of its SDS-resistant binding to Abs 
by electrophoresis is described in Planque el aL, 2004. In 
certain experiments, MAb SK-T03 was incubated with 
gp.120 peptide 465-479 or control gp!20 peptide 297-31 1 

Copyright Q 2006 John Wiley <& Sons. Ud. 



far 17 h prior to the reaction with 1. Band intensities were 
determined by densitometry using Fluoro-STM Multi- 
Imagcr (Bio-Rad) and expressed in arbitrary volume units 
(AVU: volume represents the pixel intensity x area inside 
the bands). 



Stability in nondenaturing solvent 

To measure dissociation rates, Ihe MAbs (clone SK-T03, 
2u>g/mL; clone 26S-D IV, 3 fxg/mL) were first incubated 
with Bt-gpl20 (0.2 ng/mL) in 50 mM Tris-HCi, 0-1 M 
glycine, pH 7.7, I mM CHAPS and 5% bovine scrum 
albumin (v/v) for 12b, the immune complexes were 
captured on Protein G-Sepharose beads (300 uJL settled 
volume; Amersham Biosciences), tree Bt-gp120 was 
removed by washing (1.5 mL x 5 washes) and the gel was 
resuspended in 3. 1 mL diluent containing excess competitor 
peptide (10/JLg/mL). The suspension was kept at 25°C for 
various lengths of time, aliquots (0.1 mL) were transferred to 
Whatman filter plates (0.45 u-m, PVDF), the gel was washed 
(5x) and residual Bt-gp)20 contained in immune complexes 
was determined by incubation of the gel with peroxidase- 
conjugated streptavidin as described in the preceding 
section. Background nonspecific binding was determined 
by identical treatment of Bt-gpl20 with an irrelevant MAb 
(clone MOPC2)). First-order dissociation rate constants (ft) 
and half-lives (tV*) were obtained, respectively, from the 
equations, [(residual binding. %) = 1 00 x <? f ~ k,y ] and \M ~ 
ln(2/*)L Tlie competitor peptides were identified by 
screening 122 synthetic gpl20 peptides for inhibition of 
MAb binding to immobilized Bt-gp120 (fiftccn-mer 
overlapping peptides; 50(uig/mL; corresponding to the 
gp!20 MN strain sequence, NTH AIDS Research and 
Reference Reagent Program; catalog numbers 6215 through 
6336). Conversion of the MAb«gpl20 complexes from their 
readily dissociable state to the poorly dissociable state was 
studied as follows. MAbs were preincubatcd for varying 
time periods (0-8 hours, 37 C C) in a reaction volume of 
50 ^L with Bi-gpI20 (40ng/well) immobilized on strcpta- 
vidin-coated plates (1 u-g/well). Thereupon, 50 uJL diluent or 
excess competitor peptide was added to the wells, the 

roirflonf nr^ro inoubntod far anothor Q h, and tha ttnmvmo 

complexes were quantified using peroxidase-conjugated 
goat anti-mouse IgG or goat anti-human IgG (Fc specific, 
Sigma-Aldrich). A490 values in reaction mixtures contain- 
ing excess competitor were taken to represent the 
concentrations of the poorly dissociable state, and the values 
in reactions containing diluent, the sum of the concen- 
trations of the dissociable and poorly dissociable states. 
Background nonspecific binding was determined by 
eliminating the preincubation step, i.e., by co-incubating 
the MAb, immobilized gp1 20 and excess competitor peptide 
for 2 h. Similar studies were done with the Fab fragment of a 
MAb using goat anti-mouse Fab (Sigma-Aldrich) to 
measure the Fab-containing complexes. Pseudo-first order 
rate constants (A ot)JJ ) Tor complex formation were obtained 
from least-square-hte to the equation [A^A^ ^ 1 — 
e 1 "****'**], where represents the extrapolated maxi- 
mum value of A 490 . Second-order rate constants (k^/K 0 ) 
were estimated as A^/fMAb], 
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KTV neutralization 

Infection of peripheral blood mononuclear cells by primary 
isolates of HTV was measured (Karle ct al. f 2004) by treating 
the vims (100 TCFDjo) witii an equal volume of increasing 
concentrations of protein G-purified MAbs for 1 h. 
Phytohemaggkainin-stimulated cells from healthy human 
donors were added and cultures incubated for 3 days, the 
ceils were washed, incubated in fresh RPMI for 24 h, lysed 
with Triton X-100, and p24 in the supematams was 
measured. 



RESULTS 

Immune complex stability 

MAb-producing hybridomas were prepared from the 
splenocytes of two mice immunised with E-gpl20 contain- 
ing phosphonalc dicster groups at Lys side chains (Paul 
et aL, 2003). Eight MAbs displayed binding to the 
electrophilic analog of gpl20 (E-gp.120) that was not 
dissociable by SDS (2% w/v), a detergent that disrupts 
noncovalcnl Ab-antigen complexes. The SDS-resistant 
E-gpl20 binding is consistent with a covalent Ab reaction 
at the strongly clcctrophilic phosphonatcs in E-gp!20. 

Interestingly, the MAbs also displayed unusuafiy stable 
binding to gpl20 devoid of artificial cleclrophiles. This was 
suggested by two independent lines of study conducted in 



denaturing and nondenaturing solvents as follows. First, all 
nnti-E-gp!20 MAbs (8/8) formed complexes with gp!20 
devoid of artificial electrophiles (the phosphonalc groups) 
that were resistant to dissociation with the denaturant (2% 
SDS; A490 62-92 % of the values observed without 
detergent treatment; Fig. I A), Formation of SDS-resistant 
complexes by four control anti-gp!20 MAbs obtained from 
mice and humans by conventional procedures was not 
evident (MAbs 1121. 257-D IV and 268-D IV directed to V3 
domain fGorny et al, 1991; Gomy ct 1993); MAb bl2 
directed Lo the CD4 binding site (Burton et al., 1994)]. The 
reaction mixture of Bt-gpl20 and one of the anti-E-gpl20 
MAbs (clone .SK-T03) was analyzed by denaturing 
electrophoresis. Large mass biotin-containing, anti -mouse 
IgG stainable immune complexes were evident that were 
absent in the reaction mixtures of an isotype-matched MAb 
(clone MOPC21) (Fig. IB). Disulfide exchange reaction 
occurring at low levels in the protein mixture may result in 
the S-S bonded immune complexes, However, the biotin- 
containing and an ti -mouse IgG (Fc) stainable large mass 
complexes were also observed in electrophoresis gels run 
under reducing conditions (2-mercaptoethanoi, 3.3%; 
nominal mass 155 kD; gpl20 migrates as a 100-1 10 kD 
band and the predicted mass of heavy chain-gp120 
complexes is 150-160 kD). indicating that disulfide bonding 
does not explain the stable immune complcxation. More- 
over, from the EUSA data, it is evident that the stable 
immune complexation is a consistent feature of the anti- 
E-gpl20 MAbs but not the control anr>gpl20 MAbs. It is 
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Figure 1. Formation of SOS-resistant Immune complexes by anti-E-gp120 MAbs. (A) EUSA 
showing MAb complexes formed by Incubation with gp120. MAbs (75p.g/mL> were mixed 
with Imiriobili2ed gp120 in an ELISA plate (40ng/weH) and the well? were treated with PBS 
{total binding) Or buffer containing 2% SDS (SDS^resistent binding). Values (means of 3 
replicates) represent residual SDS*reeistent binding expressed as percentage of total 
binding (A490 for total binding by MAbs YZ1B, YZ19, YZ20, YZ21, YZ22, YZ23, Y224, SK- 
T03; respectively, 1.86:1:0.05, 0.8610.01, 0.17±0.01, 0.32*0.03. 0.6*1 J. 0.01, 1,86J:0.04, 
0.2$±0.01, 2.08±0.04). (B) Streptavidrn-peroxidase-stalned (lanes 1-3) end anti-mouse 
IgG-peroxidase-stalned (lanes 4-6) blots of nonrcduefng SDS-electrophoresis gels showing 
SDS-resistant adducts formed by treatment of pp120w!ih MAb SK-T03. Lanes 1 and 4, MAb 
SK-T03 incubated with Bt-gpl20; lane 2, Isotype-matched control MAb MOPC21 incubated 
with Bt-gp120; lanes 3 and 5 f Control Bt-gp120 alone incubated in the diluent; lane 6, MAb 
SK-T03 alone incubated in the diluent. Ab, 75 (lanes 1-3) or 15 p.g/ml_ (lanes 4-6); Bt-gp120, 5 
(lanes 1-3) or 27^g/mL (lanea 4-6); Incubations for 17 h. Nominal molecular weights 
computed by comparison with standard proteins are indicated. 
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difficult to explain the reaction, therefore, as an unusual 
property arising from the unique properties of an individual 
MAb. 

Second, to obtain data relevant to the biological behavior 
of the MAbs, we .studied the stability of the immune 
complexes hi a nondenaturing solvent. Synthetic peptides 
were used in these vSludies as competitive ligands to preclude 
reassociation of released gp120 to the MAbs. 1 Dissociation 
kinetics were determined by mixing solutions of Bf.-gpl20 
and MAb SK-T03 or control MAb 268-D IV, capture of the 
immune complexes on protein G-Sepharose beads followed 
by incubation of the beads for varying lengths of time in 
diluent containing the appropriate peptide competitor at 
excess concentration. Rapid and near-complete dissociation 
of gp120 from the control MAb (268-D TV) was evident 
(Pig. 2). The control MAb lias previously been reported to 
display high affinity for gpJ20 (K D 9.2 x I(T ,n M; VanCott 
et <?/., 1994). Dissociation of complexes formed by the anti- 
E-gpl20 MAb SK-T03 wos very slow and substantial 
amounts of the biotin-containing complexes were observed 
at the final time point examined (10 days). The apparent t x A 
values for the control MAb was 4.8 hours (r*^099). 
Accurate measurement of the dissociation rate of the 
complexes formed by the anti-E«gpl20 MAb was difficult 
from the data in Fig. 2 because of the slow i"eactton rate. The 
nominal m for this MAb was 18.5 days (r 2 .-= 0.57). The 
corresponding first-order dissociation rate constants for the 
control and anti-E-gp120 MAb complexes were, respect- 
ively, (4,2 ±0,2) x tO-\sec-' and(4.3± 0.9) x 1(T 7 sec"'. 
The observed dissociation rate constant of the complex 
of gpl20 with the control MAb was comparable to 
the previously published value [(11 ±0.1) x l(T 5 sec' l : 
VanCott el al f 1994]. These results indicate that the immune 
complexes formed by the antj-E-gpl 20 MAb arc exception- 
ally stable, with the MAb remaining bound to antigen for a 
period of time ^100-fold greater than the control high- 
affinity MAb. 
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Ffguro 2. Stability of MAb SK-T03 immune complexes in non- 
denaturing solution. Immune complexes were formed by fncu- 
bating MAb SK-T03 (20 M^/mL) or MAb 268-D IV (1 u,g/mL) with 
Bt-gp120 (0,2|xg/mL) for 12 h. The complexes were captured on 
protein G-$epharo$e, free gp120 removed by washing and the 
resin was incubated further in the presence of gp120 peptide 
465-479 {MAb SK-T03: 10 u,g/mU or peptide 309-323 {MAb 268-D 
IV; 70n,g/mL). Alrquots of the ge! slurry were withdrawn at 0, 4, 
30, 73, 121 and 239 h. the gel was washed (5x) and the residual 
gel-bound immune complexes were detected using a streptevi- 
din-peroxidese conjugate. Values are expressed as per cent of 
binding at t - 0 {100% valves for MAb SKT-T03 and MAb 268-D IV, 
respectively. 1.05±0.08 and 1.78*0.07), aftar correction for 
nonspecific binding determined using an irrelevant MAb instead 
of the snti.gp120 MAbs (MOPC 21; 20u.g/mL). The nonspecific 
binding was nearly constant at all of the time point studied (A490, 
0.23 ±0.01). 



the hypothetical State 2 complexes as a function of lime. To 
distinguish between the (wo states, the peptide competitor 
was added at excess concentration at various time points 
following initiation of the reaction between immobilized 
gp120 and the MAbs. The poorly-dissociable State 2 
complexes are predicted to survive treatment with the 
competitor peptide, whereas the reversibly-boiind State I 
complexes are not (as the latter will be replaced by MAb- 
competitor peptide complexes), Progressive accumulation 
of immune complexes that remained associated despite the 
presence of excess peptide competitor was observed using 
the ami-E-gp!20 MAbs SK-T03 and YZ23 but not the 
control MAb (Fifi, 3B). At prolonged incubation times, 
virtually complete transformation of the anti-E-gpl20 
complexes from the dissociable form (State I) to 
nondissociable form (Stale 2) was evident, whereas the 
control MAb complexes remained virtually completely in 
the dissociable state. These observations are in agreement 
with the proposed two-state model, i.e., the initial formation 
of the dissociable immune complexes, followed by their 
transition to the poorly dissociable state. With the 
assumption of pseudo-first-order conditions, the overall 
efficiencies for formation of the State 2 complexes for MAbs 
SK-T03 and Y£23, corresponding to the second-order rate 
constant ^/K p , were, respectively, 2 J x 10 7 M" 1 min" 1 and 
2.1 x 10 6 M™ r min-\ 

IgGs contain two antigen binding sites, and an avidity 
effect may restrict the dissociation of MAbs eomplcxed to 
immobilized antigens. Therefore, we repeated the binding 
studies using monovalent Fab fragments. After treatment of 
immobilized gp!20 for 4 h with the Fab fragments of MAb 
SK-T03. the reaction had progressed virtually completely to 
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Kinetics of immune complex stabilization 

Formation of stable immune complexes by the anii-E-gp!20 
MAbs may be explained by a two-state model in which the 
initial MAb-gpJ20 noncovaient complex is converted to 
another slate that is stabilized by nuclcophile-electrophilc 
interactions (designated States 1 and 2 in Fig. 3 A). As the 
first test of this model, we measured the rate of formation of 

'The competitors were identified by screening (22 peptides encompassing 
gpl20 residues 25-523 (15-nver peptide* with 1 1-rner overlapping regions; 
MN Strain). Peptide 4<tf-479 and peptide 297-3 J I. respectively, inhibited 
the formation of complexes of gp!20 and MAb SK-TO3 and MAb YZ23 
(TC 30 value* for MAbs SK-T03 and Y223, respectively. 2.2 nM and 
1.1 uJVI). In the cose Of MAb YZ23» the overlapping peptide 301-315 also 
inhibited the compilation with gpl20 (ICjn I.2*jiM), suggesting residues 
301-31 I. os the minimal epitope sequence. Peptide 309-323 has been 
prcvKwsly identified as a competitor inhibitor of gp!20 binding by the 
control MAb (26S-D TV) (Corny ewL. 1 991; Oomy at aL 1 993). In the case 
of MAb Y223, binding togp 120 was inhibited partially by an other synthetic 
peptide composed of gpl20 residues £21-435, and this region may con- 
stitute u portion of the MAb epitope. As peptide 297-31 1 displaced the 
binding of gpJ20 by the MAb completely, its use as u competitor in the 
Immune complex stability measurement is valid even if the peptide does not 
represent the entire binding epitope. 

Copyright O 2006 John Wiley & Sons. Ltd. 
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Figure 3. Rate of stable immune complex formation. (A) Hypothetical two state model of the 
Ab-Ag reaction. gp120 (Ag) binding by antf.E-g P 720 MAb (Ab) is suggested to proceed as a 
two-step taction: the formation of nongovaient complexes (Abl:;Ag, State 1) followed bv 
transition to a poorly-dissociable state (Ab-Ag', State 2). Ab-Ag' can be the aeyl-MAb 
complex generated by nucleophilic attack on electrophMc carbonyls or the chemically 
unmodified, resonance*tabtli*ed form of the complex (see Discussion). Production of State 
2 complexes was determined using the experimental protocol shown In the right panel bv 
treatment of immobilised gp120 with MAb for varying lengths of time (0-8 b); incubation 
with excess competitor peptide or diluent for another 2 h; and determination of bound MAb 
In solutions containing excess competitor peptide, the State 1 complexes are replaced by 
MAb-pepbde complexes but the State 2 complexes remain intact. Thus the EUSA signals 
detected with and without competitor treatment represent, respectively, the State Z complex 
concentration and the sum of th e State 1 + State 2 concentrations. Formation of the initial 
noncovalent complex is determined by the association and dissociation rate constants 
*i -Kp). Transformation of the initial complex to the poorly dissociable complex is deter^ 
mrned by the first-order rate constant k 3 . (B) Progress curves showing accumulation of State 
2 complexes formed by incubation of gp120 with MAb YZ23 and MAb SK-T03 After 
ncubeting the MAbs with immobilized gp120 in SLISA plates for varying lengths of time 
(x-axis), diluent or the appropriate competitor peptide at excess concentration (•) was 
added and the immune complexes (corresponding to State 2 complexes) wero measured 
after further incubation for 2h. The amounts of State 1 complexes <o> wero computed as 
(total binding in dtluent-^binding corresponding to State 2 complexes). Competitor gp120 
peptides were: MAb YZ23, peptide 297-31 1 (50 u,g/mL); MAb SK-T03, peptide 465-^79 ( 1 0 w/ 

m . U; M jf? !™ *^ pt,dG ?°*~ 323 (20 > A9/mU ' MAb concentrations were: MAb YZ23, 5 ug/ 
mL; MAb SK.T03 • MugAnL . <C) ELISA (left) showing State 2 complexes formed by intu- 
bation of ppiap wrth the Fab fragment of MAb SK-T03 (0,2 ^/ml). Competitor peptide 465- 

.tained fihK r \ Coo ™ TO * Bl "f 5DS- 9 el of the Fab; r a ne 2, anti-Fab 
stained blot of the gel; lene 3, anti-Fc stained blot of the gel. 
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complexes that remained undissociated in the presence of 
execs* competitor peptide (Fig. 3C). It is difficult to explain 
formation of the stable immune complexes based on avidity 
effects. 



MAb micleoptuHcity 

Studies with polyclonal IgG have previously suggested the 
induction of increased nucleophilic reactivity in Abs raised 
by iitimunization with E-gpl20.. judged trom the rate of 
formation of covalent complexes with the hapten phospho- 
natc 1 (Paul at aL 2003; Fig. 4A). Here, similar studies 
indicated ~8-iokl superior nucleophilic reactivity of MAb 
SK-T03 compared to its isotype- matched control IgG (Fig. 
4B). The heavy chain subunit of the MAb formed adducts 
with hapten 1 more rapidly than the light chain subunit (4- 



fold. computed from initial reaction rales). Covalent hapten 
J-bmding by MAb SK-T03 was inhibited by its epitope 
peptide (gp!20 residues 465-479) devoid of the electro- 
philic phosphonaie, but not by an irrelevant peptide (Fig. 
4C). This suggests that the nucleophile is located within or 
close to the noncovalent antigen-binding site of the MAb. 
The antUE-gpI20 .MAbs did not react dctectably with an 
irrelevant polypeptide (albumin) or the clectrophilic 
phosphonate analog of an irrelevant peptide (VIP; sec 
Nishiyama et al„ 2004 for description of this compound) 
under conditions permitting formation of stable complexes 
with gpl20 and E-gp.l2() shown in Fig. I. The absence of 
indiscriminate reactivity may be explained from the 
contribution of noncovalent binding in accelerating the 
initial noncovalent interaction of the MAbs with gpl 20 (see 
reaction model in Fig. 3A). In previous studies, noncovalent 
paratope-epitope interactions were observed to accelerate 




gp120(465~479) 
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Figure* Nucleophilic reactivity of MAb SK-T03. (A) Electrophific hapten phosphonate 
probe 1 and competitor gp120 peptide 46^479. (B) MAb-1 reactivity, MAb SK-T03 
{AA^fmX.) incubated w»th 1 (100 n-M) for 1 h was subjected to reducing SDS-efectropho- 
resis and covalent 1-MAb adducts were quantified by densitometry of streptevid in -peroxi- 
dase stained blots (arbitrary volume units, AVU). (C) Streptevidin-pcroxidase- stained 
n . on j !' edu l c,n fl ?DS electrophoresis gal showing inhibition of covalent 1-tvlAb 
SK-TD3 binding by gp120 peptide 465^79. tans 1, MAb Incubated with 1 <1h); lane 2 
MAb protro9tod with gp120 poptido 466 470 (0 ^M, 17 1.), tiro L.uwUiUnJ with Uanea IVIAD 

MAbSlSw 45?g/mL tr01 9Pl2 ° P ° P *** 29? ~ 311 M ln ' an ° 4 then ,ncubated 1- 
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Figure 5. HIV neutralisation by MAb YZ23. Values are moans of 
four replicates, HIV strain, 2A009. Phytohemagglutinm-stimu- 
latQd peripheral blood mononuclear cells wore added to MAb- 
virus mixtures and incubated for 3 days. Aftor washing, the cells 
were incubated for 24 h, lysed and p24 was measured. Neutral- 
isation was computed as % decrease of p24 concentrations in 
MAb-containing wells compared to vehicle control. MAb 
CRL1689, which he? the same Isotype as MAb YZ23, was without 
neutralising activity, ' 



the formation oF covalent polyclonal and monoclonal Ab 
adducts with the elcctrophilic analogs of the cognate 
antigens by several orders of magnitude (Planque et aL 
2003; Nishiyama et o/ M 2004). 



HIV neutralization 

Three of the eight anti-E-gpl20 MAbs neutralized the 
infection of peripheral blood mononuclear cells by a primary 
HIV-1 isolate belonging to cJade C (strain ZA009), i.e., 
MAbs YZ18, YZ22 and YZ23. The concentration-depen- 
dence of HIV neutralization by MAb YZ23 is shown in 
Fig. 5. An irrelevant, control MAb of the same isotype as 
MAb YZ23 (clone CRLJ689) did not neutralize the virus. 
Host cells cultured in the presence of the anti-E-gpl20 
MAbs without the virus showed no decrease in viability, 
indicating the absence of a nonspecific cytotoxic effect 
(determined by staining with acridine orangc/ethidium 



429 

bromide; viability -80-85%), MAb YZ23 neutralized two 
CCR5-dependent clade C and another CCR5-dcpendent 
clade B strain with IC 90 ^ 10u.g/mL (Table 1). Neutraliz- 
ation of the two clade C strains by MAb bl 2. directed to the 
CD4 binding sire of &P J20, did not reach reliable levels 
(IC90> highest MAb concentration tested). MAb YZ23 at 
the highest concentration tested (200 u-g/mL) did not 
neutralize the clade D UG046 strain. Nine of the It 
residues at gp!20 positions 301-311, the minimum MAb- 
rcactjvc epitope, are identical in the neutralization-sensitive 
HIV strains (Table 1). The neutral ization-rcfractory clade D 
strain expresses 4/1 1 identities in this region of gp!20. 



DISCUSSION 

Studies in denaturing and nondenaturating solvents 
independently indicated the formation of stable gpl20 
complexes by Abs to the elcctrophilic analog of gp!20- 
Reaction mixtures of gpJ20 mixed with each of the 8 MAbs 
contained complexes refractory to dissociation with SOS, a 
detergent that disrupts most noncovalent protein-protein 
interactions. When mixed with gp!20, the MAbs initially 
formed readily dissociable complexes similar to conven- 
tional revcrsibly bound complexes. The initial complexes 
were nearly completely converted to their poorly dissociable 
state as a function of time. Complexes formed by treating 
gp!20 with MAb SK-T03 dissociated more slowly than the 
biotin-slreptavidin complex (fV?. 18.5 days versus 1.4-3,3 
days, respectively; (Piran and Riordan, 1990: Chilkoti and 
Stayton, 1 995) and at a rate comparable to the clearance rate 
of free IgG from, the vascular compartment. In vivo (M of 1-3 
weeks). 

We intended the immunization with B-gpl20 to induce 
MAbs that recapitulate the mechanism of serine proteases 
(see top reaction scheme in Fig. 6; Paul etal, 20O3). These 
enzymes are thought to form a covalent acyl-enzyme 
intermediate in course of peptide bond hydrolysis, 
accompanied by liberation of the peptide fragment 
terminal to the site of nuclcophilic attack, as suggested by 
study of pre-steady state kinetics (Hedstrom, 2002), A single 
turnover MAb capable of forming a covalent acyl 
intermediate with a small molecule lactam antigen has 
been described previously (Lefevrc et aL. 2001), Three of 
the eight anti-E-gp120 MAbs examined here were observed 



Table 1. MAb YZ23 neutralization of clad© B and C strains. Inhibitory concentrations yielding 50% and 90% 
neutralization obtained from MAb dose response studies <4 replicates at each concentration), with curve fitting as 
in Karte et a/., 2004. Also shown are amino acid sequences of gpIZO residues 301-311. Bold font indicates amino 
acid identities. 
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Figure 6. Proposed reaction mechanism of nucleophllic Abs; Antigen hydrolysis {top) and irreversible binainq 
{bottom*. The Ab forms the initial noncovafcm complex by conventional epitope-paratope interactions In 
EUJH 0 ^ 1 ?; 2? * 8 '! e nuclc ?P h "5 8 £* cks the ca^bonyl of the scissile bond In the antigen to form the 
J t r I an , sit ; on -f t f l » e com P' Q ^ Th<3 C-terminel antigen fragment is released and the acyl-Ab complex is 
formed. Hydrolysis of the acyl-Ab complex (deecylation) releases the N-terminal antigen fragment and 
regenerates the catalytic Ab. In Irreversible binding, accumulation of the tetrahedral complex (IC) or the 
trigonal acyl-Ab complex (IC", after release of the C-terminal antiaen fragment) may occur because of 
increased stability of the bond formed by the attacking nucleophile or deficient support for a step(s) after 
completion of the nucleoph.le attack. NuU, nucleophile; Ag r fvH-CH<R]^C0 2 H, N-termlnal antigen fragment 
NHz-Ag ?r C-tormlnal antigen fragment. J w 



to cleave gpI20 slowly (Paul et aL 2003). but the remaining 
five MAbs were devoid of this activity, and there was no 
evidence for release of a gp!20 fragment despite a 5-fold 
MAb excess, This suggests that the polypeptide backbone is 
not susceptible lo the cleavage, and the observed stable 
immune complexes correspond to the IC structure in Fig. 6. 
Alternatively, the nucleophilic attack may occur at the amide 
carbonyl of Gin or Asn side chains, accompanied by 
liberation of ammonia. In this case, the observed stable 
complexes may correspond to either IC or IC". Accumu- 
lation of complexes with IC structure is Feasible because 
resonant clEctrophile-nucleophiJe pairing may impart 
covalent character to the ground state of protein -protein 
complexes (Nishiyama et aL, 2005). Regardless of the 
mechanism, from the results reported here, it is evident that 
MAbs generated by E-gp)20 immunization can routinely 
form the unusually stable immune complexes. 

Several rcversibly binding MAbs to polypeptide antigens 
have been developed for clinical use, e.g., MAbs to vascular 
endothelial growth factor and epidermal growth factor 
receptor employed in the treatment of cancer* Developing 
immunotherapeutic MAbs to HIV, however, has proved 
difficult. gpl20 expresses many antigenic epitopes that 
Stimulate Ab responses fol lowing HJV infection (Burton and 
Monleflori. 1997: Kent and Robinson, 1996). The mutability 
of gp!20 along with conformational transitions in the 
protein is thought to be important in the failure of humoral 
immune responses to control HIV infection (Burton and 
Moore, 1998). Certain rare MAbs neutralize primary HIV 

Copyright. O 2006 John Wiley <fc Sons, Ltd. 



isolates belonging to clade B but are poorly effective against 
clade C strains fBinley et aL. 2004) often found in 
geographical regions where HIV infection js growing 
rapidly. Formation of stable gpl 20 complexes in the present 
study did not predict HIV neutralization by the MAbs. Five 
MAbs did not neutralize the virus, including MAb SK-T03. 
This MAb appears to recognize the region of gpl 20 
composed of residues 465-479, which may be insufficiently 
exposed on the viral surface or may not be essentia] for 
establishing infection. Another MAb, clone YZ23, neutral- 
ized both clade C strains tested in Table I. The minimum 
candidate epitope of this MAb, residues 301-31 1, encom- 
passes certain contact sites involved in gpl 20 binding by the 
chemokme corcceptor (CCR5: Cormier and Dragic, 2002). 
Residues 301-311 tend to be conserved in clade C HTV 
strains [% identity 85 ± 7; n- 1 1 1 strains; for each strain, 
the number of identities with CTXPNNNTRES, represent- 
ing the shared sequence of the clade C strains in Table 1, 
was counted and the per cent identity was calculated as 
100 x (number of identities)/ 10: data from the Los 
Alamos HTV database]. The immunogen employed to 
generate the MAbs, E-gpl20, differs from conventional 
gpl20 preparations in that it contains self-assembled 
oligomers (Paul el aL, 2003). The oligomers may expose 
epitopes not customarily encountered in monomer gpl 20 
preparations. Consequently, further study of the anti- 
E-gpl20 MAbs may help identify additional neutralizing 
epitopes appropriate for development as candidate electro- 
phi lie vaccines. 

/ MoL Rccogni!. 200fi; t9: 423-431 
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To the extent that the poorly dissociable MAbs nre 
directed to a neutralizing epitope, they may be predicted to 
provide long-Jasting antigen inactivation compared to 
conventional revergibly bound MAbs. The upper limit for 
the stability of the immune complexes formed by 
nucleophilic Abs remains to be determined. Tn recent 
studies, we raised MAbs to the elecirophilic analog oi' a 
second polypeptide antigen using methods similar to those 
in the present report. These MAbs displayed SDS-rcsistant 



binding to the polypeptide antigen devoid of artificial 
electrophiles. Elcctrophific immunization may prove useful 
as a general strategy, therefore, for raising neutralizing 
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Immunization or mice with on elcctrophilic annlog or amyloid (f peptide 
(A/II-40J derivitized z\ the .side chains of Lys 10. Lys28 and the N-rcrmmus: 
(E-Afi) yielded 19 Ab-Kccrciing hyhridomas with E-A/? hindim* nctivky 
Twelve of these Abs displayed binding ro A/*l-40thnr was nondifisociable 
by treatment with 2% SOS. supgesring the fomuticm of stable immune 
complexes 
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Nucleophilic sites in the paired variable domains of die light 
and heavy chains (V L and V H domains) of Ig can catalyze peptide 
bond hydrolysis. Amyloid 0 (A0)-binding igs arc under consid- 
eration for immunotherapy of Al&heuner disease. We searched 
for A j^hydrolyaing human igV domains (IgVs) in a library con- 
taining a majority of single chain Fv clones mimicking physio- 
logical V L -V,.,-<ombining sites and minority IgV populations 
with nonphysiological structures generated by cloning errors. 
Random screening and covaJent selection of phage-displayed 
IgVs with an electrophilic A/3 analog identified rare IgVs that 
hydtolyzed Afi mainly at His "-Gin 1 * Inhibition of IgV cataly- 
sis and irreversible binding by an electrophilic hapten suggested 
a nucleophilic catalytic mechanism. Structural analysis indi- 
cated that the catalytic IgVs are nonphysiological structures, a 
two domain heterodimcric Vt (IgV^-f) and single domain V t 
clones with aberrant polypeptide tags (IgV L -f ' ). The IgVs hydro- 
Iyzed Ap at rates superior to naturally occurring Igs by 3-4 
orders of magnitude. Forced pairing of the single domain V L 
with V H or V t , domains resulted in reduced A0 hydrolysis, sug- 
gesting catalysis by the unpaired V L domain. Angstrom level 
amino acid displacements evident in molecular models of the 
two domain and unpaired V L domain clones explain alterations 
of catalytic activity. In view of their superior catalytic activity, 
the V L domain IgVs may help attain clearance of medically 
important antigens more efficiently than natural Igs. 



The antigen^combining sites of immunoglobulins found in 
higher organisms are composed of the variable domains of light 
and heavy chain subunits (V L and V H domains). The individual 
V L and V H domains can bind antigens independently of each 
other, but the paired V L -V H structure consistently expresses 
superior antigen binding affinity because of cooperative antU 
gen-binding forces contributed by the two domains (1). High 

* This work was supported. In whole or In part, by National Institutes of Health 
Grant R01 AG025304. The costs of publication of this article were defrayed 
in part by the payment of page charges. This article must therefore be 
hereby marked "advertisement* In accordance with 18 U.S.C. Section 1 734 
solely to Indicate this feet 

The nucleotide sequences) reported In thlspaperhas been submitted to the Gen* 

Bank™/£BI Data Bank with accession nurnberfs) FJ231714, FJ231715, 

FJ231716 t FJ231717,FJ231713,FJ231719,FJ231720,FJ23l721.FJ231722,cnd 
FJ231723. 

£1 The on-line versfon of this article (available at http://www.Jb<Lorg) contains 
supplemental Tables Si -53 and Figs. SI -55. 
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affinity Igs are generated by adaptive V domain sequence diver- 
sification over the course of B lymphocyte differentiation, a 
process in which antigen binding to mutated B cell receptors 
(surface Igs associated with slgnal-transduclng proteins) drives 
the selective expansion of the celis. Adaptive Ig maturation 
entails the use of one each of —50 inherited V L and V H genes, 
diversification at the junctions of the V, -D L gene segments and 
v h -E> h-Jh S ene segments, and somatic mutation over the entire 
length of die V domains. 

Following initial noncovalent binding of antigen, some igs pro- 
ceed to catalyze its chemical transformation. Examples of Ig-cata- 
lyzed reactions include hydrolysis of polypeptide antigens (2, 3), 
hydrolysis of nucleic acids (4> 5 ), and various acyl transfer reactions 
of other antigen classes (6). Proteolytic Igs that utilize serine pro- 
tease-Uke covalent hydrolytic pathways have been described (7, 8), 
Serine protease-like catalytic triads have been identified In the V 
domains of Igs by site-directed mutagenesis and crystallography 
(9, 10). The catalytic mechanism involves nucleophilic attack on 
the electrophilic carbonyi of peptide bonds. Electrophilic phos^ 
phonate diesters originally developed as covalent probes for the 
nucleophilic site of serine proteases bind catalytic Igs irreversibly 
and inhibit their catalytic activity (7, 11, 12), The strength of Ig- 
antigen noncovalent binding often exceeds that of enzyme-sub- 
strate binding. An important limitation holding back the applica- 
tion of catalytic Igs for clearance of undesirable antigens is that 
their catalytic rate constants (turnover number; A^J are small 
compared with enzymes. Evidently, Ig adaptive selection is geared 
toward noncovalent immune complexation (the ground state sta- 
bili2ation step), and the ability of Igs to recognize the high energy 
transition state complex that must be stabilized to accelerate 
chemical reactions Is limited. This is supported by observations 
that IgMs, the first and least diversified Ig class produced during B 
cell differentiation, express superior catalytic rate constants than 
IgGs produced by the cells at later stages of their adaptive differ- 
entiation (12). 

Accumulation of amyloid J3 peptide (A0) 2 aggregates in the 
brain is thought to be a central contributor to neurodegenera- 

2 The abbreviations used are: A0, amyloid 0 peptide; AD, Alzheimer disease; 
AMC 7^mlno.4.methylcoumar|n;CHAPS. 3-[(3-cholamldopropylJdimeth- 
ylammonloM-pfopanesulfonfc acid; ESI-MS, electron spray lonlzatlon- 
mass spectrometry; PPLC, fast protein liqufd chromatography; loV, Ig vari- 
able domain; Ig V r f, IgV wfth a single V L domain and tag t'; lgV w -r. PgV with 
two v* L domains and tag t, L-f, full light chain with tag r; MALDRDF MS, 
matrix-assisted laser desorptlon ionization tlme-of-ffiejht mass spectrom- 
etry; PBS, phosphateHDuffered saline; RP-HPU, rcversed-phase high per- 
formance liquid chromatography; r.m a deviation, root mean square devi- 
ation; PDB, Protein Data Bank; Bt, 6-blotlnamIdohexanoyl group. 
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tive changes underlying Alzheimer disease (AD). Administra- 
tion of monoclonal IgGs that bind A/3 reversibly to transgenic 
mice overexpressing human A/3 clears brain A0 deposits and 
improves cognitive function (13, 14). Suggested mechanisms 
explaining the favorable effect of peripherally administered IgG 
are as follows: (a) A/3 containing immune complexes formed by 
small amounts of IgGs that cross the blood-brain barrier are 
removed by Fc receptor-mediated uptake by resident macro- 
phages in the brains, the microglia (14); (b) A/3 binding to the 
IgG constrains the peptide into a nonaggregable conformation 
(15); (c) IgG bound to FcRn receptors on the blood-brain bar- 
rier accelerates AJ3 exit from the brain to periphery blood (16); 
and (d) binding of peripherally circulating A/3 by IgG disrupts 
equilibrium between the central and peripheral compartments, 
causing compensatory AjS release from the brain (17). In prin- 
ciple, Igs that catalyze the hydrolysis of A/3 can be applied to 
clear A]3. We reported naturally occurring IgMs and isolated Jg 
light chain subunits (IgLs) that hydrolyze A/3 impede A/3 aggre- 
gation and inhibit A/3-induced neurotoxicity (18, 19). However, 
these Igs hydrolyze A/3 slowly, and development of more effi- 
cient catalysts will help advance the use of catalytic Igs for A/3 
clearance. 

We report here the search for efficient A0-hydrolyzing Ig 
fragments in a human IgV domain (IgV) library In which the 
majority of clones are single chain Fv constructs (scFv-fc a V L 
domain attached via a linker peptide to a V H domain). The scFv 
scaffold mimics the physiological structure of antigen -combin^ 
ing sites- A minority of clones in the library are nonphysiologi- 
cal V domain structures generated by repertoire cloning cr rors> 
Unexpectedly* the nonphysiological two domain and single 
domain IgV L fragments expressed exceptional A/3 hydrolyzing 
efficiency. scFv-r derivatives obtained by repairing a high activ- 
ity single domain lgV L displayed reduced catalytic activity. The 
observations suggest that novel Ig structures freed of con- 
straints imposed by the physiological organization of V 
domains can be the source of efficient catalysts to medically 
important antigens. 

MATERIALS AND METHODS 

Electrophilte Compounds— Syntheses and Ig binding charac- 
teristics of these compounds are reported: E-hapten 1 and 2 
(20) and E-hapten 3 (12). Bt-E-A£40 was prepared by reacting 
biotinylated Aj3-(l-40) (A/840; 10 mg, 2.1 /jimol) with 
diphenyl^(0-(3-sulfosuccinimidyl)suberoyl]-amino(4-ami- 
dinophenyl)methane phosphonate (10*6 mg, 12.5 /imol) in 
DMSO, The reaction mixture was purified by RP-KPLC 
(Waters) and lyophilized. Its identity and purity were con- 
firmed by RP-HPLC (retention time 36,36 min, purity >99.9%, 
Vydac C4 column; 0.05% trifluoroacetlc acid in water, 0.05% 
trifluoroacetic acid in MeCN 90:10-40:60 In 50 min, 1.0 
ml/min; 220 nm absorbance) and electrospray ionization- mass 
spectrometry (ESI-MS; observed m/z t 1427.6, 1142.6 and 952.4; 
calculated (M + H)*\ (M + 2H) 5+ , and (M + 3H) tf * for 
CM6 H 5i*oHfc07iP2 S 2' 1427.2, 1141.9, and 951.8). 

/^s— .Methods for IgV preparation and characterization have 
been described (7, 21), Briefly, the library consists of 1.4 x 10 7 
IgVs cloned in the phagemid vector pHEN2 prepared from the 
peripheral blood lymphocyte of patients with lupus. A His 6 



sequence and a c- myc epitope are located at the IgV C terminus. 
Expression levels were 1-3 mg of lgV/liter of bacterial cul ture, 
determined by anti-c-wyc immunoblotting. Soluble IgVs were 
purified from periplasmic extracts of HB2151 cells by metal 
affinity chromatography. Further purification was by anion 
exchange FPLC (MonoQ HR 5/5 column; 0-1m NaCl in 50 mM 
Trls buffer, pH 7.4, containing 0.1 mM CHAPS). Purity was 
determined by SDS-gel electrophoresis and immunoblotting. 
IgV phages ( J O 12 colony- form Ing units) were packaged using 
the hyperphage method (22) and incubated (2 h, 37 °Q with 
Bt-E-Aj340 in 0.07 ml of 10 mM sodium phosphate, 137 mM 
NaCl 2.7 mM KC3, pH 7.4 (PBS). Phages with bound Bt^E-A04O 
were captured using anti-biotin antibody coupled to agarose gel 
(0.22 ml settled gel; Sigma) and washed with 100 ml of PBS 
containing 0.1% bovine serum albumin. Reversibly bound 
phages were eluted by incubation of the gel in 0.2 ml of 100 jutM 
A/340 for 1 h with slow mixing, and the residual phages 
covalently complexed to Bt~E~A/3 were eluted with 0,4 ml of 0.1 
m glycine, pH 2.7. scFv-r derivatives of single domain IgV, 
5D3 were prepared by inserting the deleted V H residues S -115 
(Kabat numbering). For this, full-length V H cONA was ampli- 
fied by PCR using as template the lgV-pHEN2 DNA library and 
back/forward primers containing ApaLI/Notl restriction sites 
(respectively, GGTASXSCACTTCAGGTGCAGCTGTTGC- 
AGTCT/ATGTSi^.GiXS£GGGGAAAAGGGTTGGGGG- 
CATGC), and the cDNA digested with ApaU/NotI was ligatcd 
into similarly digested plasmid IgV L -r' 5D3 DNA with T4 DNA 
ligase (Invitrogen). Full-length light chain W 5D3 was pre- 
pared by Mutagenex by a chimeragenesis method (23) using as 
starting materials the V L domain of IgV L -£' 5D3 and human k 
chain constant domain (obtained from pLG-huCic (24)) and 
cloned into pHEN2 vector as the Ncol/Notl -digested fragment. 
cDNAs for the homodimeric IgV^-r form of clone 5D3 were 
prepared by PCR by Mutagenex. Briefly, V L cDNA was ampli- 
fied by PCR from the IgV ir f '5D3 template using back/forward 
primers containing ApaLI/Notl restriction sites (respectively, 
AAA^aC4.CTTGAAATTGTGTTGACGCAGTCTC/AAA- 
GCGGCCGC GCGTTTGATCTCCAGCTTGGT), and the 
cDNA digested with ApaLI/Notl was ligated Into pHEN2 vec^ 
tor. The nucleotide sequence of all constructs determined by 
dideoxy nucleotide sequencing in the 5' to 3' and 3' to 5' 
directions was identical (Applied Biosystems, ABI PRISM® 
3100 Genetic Analyzer). Following electroporation of IgV 
phagemid DNA into HB2151 cells, soluble IgVs were puri- 
fied from periplasmic extracts as before. Total protein was 
determined by the microBCA kit (Pierce). For mass spec- 
troscopy (25), the IgV band was excised from the SDS-clec- 
trophoresis gel stained with GelCode Blue (Pierce), sub- 
jected to dehydration in 50% acetonitrile and SpeedVac 
drying, reduced (dithiothreitol) and alkylated (lodoacet- 
amide), and digested with sequencing grade trypsin (Pro- 
mega) and Lys-C (Wako) for 20 h at 37 "C. Following extrac- 
tion of gel fragments with acetonitrlle/formic acid, digested 
peptides obtained by ZipTip C18 (Mlllipore) fractionation 
using 5 fi! of aqueous 50% acetonitrile containing 2% formic 
acid were analyzed by mass spectrometry using a matrix of 
tt-cyano-4-hydroxycinnamic acid (ABI 4700 MALDI-TOF/ 
TOF mass spectrometer). Predicted monoisotopic peptide 
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tive changes underlying Alzheimer disease (AD). Administra- 
tion of monoclonal IgGs that bind AjS reversibly to transgenic 
mice overcxpressing human A/3 clears brain AjS deposits and 
improves cognitive function (13, 14). Suggested mechanisms 
explaining the favorable effect of peripherally administered IgG 
are as follows; (a) A 0 containing immune complexes formed by 
small amounts of IgGs that cross the blood-brain barrier are 
removed by Fc receptor- mediated uptake by resident macro- 
phages in the brains, the microglia (14); (b) A0 binding to die 
IgG constrains the peptide into a nonaggregable conformation 
(15); (c) IgG bound to FcRn receptors on the blood-brain bar- 
rier accelerates Aj3 exit from the brain to periphery blood (16); 
and (d) binding of peripherally circulating A/3 by IgG disrupts 
equilibrium between the central and peripheral compartments, 
causing compensatory A/3 release from the brain (17). In prin- 
ciple, Igs that catalyze the hydrolysis of Aj3 can be applied to 
clear A0. We reported naturally occurring IgMs and isolated Ig 
light chain subunits (IgLs) that hydrolyze A/3 impede A/3 aggre- 
gation and inhibit A0-induced neurotoxicity (18, 19). However, 
these Igs hydrolyze A/3 slowly, and development of more effi- 
cient catalysts will help advance the use of catalytic Igs for A/3 
clearance, 

We report here the search for efficient A^-hydrolyzing Ig 
fragments in a human IgV domain (JgV) library in which the 
majority of clones are single chain Fv constructs (scFv-r; a V L 
domain attached via a linker peptide to a V H domain). The scFv 
scaffold mimtcs the physiological structure of antigen -combin- 
ing sites. A minority of clones in the library are nonphysiologi- 
cal V domain structures generated by repertoire cloning errors. 
Unexpectedly, the nonphysiological two domain and single 
domain lgV T fragments expressed exceptional A/3 hydrolyzing 
efficiency. scFv-i derivatives obtained by repairing a high activ- 
ity single domain lgV T displayed reduced catalytic activity. The 
observations suggest that novel lg structures freed of con- 
straints imposed by the physiological organization of V 
domains can be the source of efficient catalysts to medically 
important antigens. 

MATERIALS AND METHODS 

Electrophilic Compounds^ Syntheses and lg binding charac- 
teristics of these compounds are reported: E4iapten 1 and 2 
(20) and E-hapten 3 (12). Bt-E-A/340 was prepared by reacting 
biotinylated Aj3-(l-40) <A]340; 10 mg, 2.1 M .moI) with 
diphenyl-A^-[0-(3-sulfosuccinlJnidyl)suberoyil-amino(4-arni- 
dinophenyl)methane phosphonate (10.6 mg, 12.5 ^mol) in 
DMSO. The reaction mixture was purified by RP-HPLC 
(Waters) and lyophiliaed. Its identity and purity were con- 
firmed by RP-HPLC (retention time 36.36 min, purity >99,9%, 
Vydac C4 column; 0.05% trifluoroacetic acid in water, 0.05% 
trifluoroacetic acid in MeCN 90:10-40:60 in 50 min, 1.0 
nol/min; 22(3 nm absorbance) and electrospray ionization- mass 
spectrometry (ESI-MS; observed m/z, 1427.6, 1142.6 and 952.4; 
calculated (M + H) 4 "\ (M + 2H) 5+ , and (M + 3H) 6+ for 
C^HggoN^O^P^, 1427.2, 1141.9, and 951.8). 

Methods for IgV preparation and characterization have 
been described (7, 21). Briefly, the library consists of 1.4 X 10 7 
IgVs cloned In the phagemid vector pHEN2 prepared from the 
peripheral blood lymphocyte of patients with lupus. A Hb Cl 
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sequence and a c-myc epitope are located at the IgV C terminus. 
Expression levels were 1-3 mg of IgV/Iiter of bacterial culture, 
determined by zntuc-myc immunoblotting. Soluble IgVs were 
purified from periplasmic extracts of HB2151 cells by metal 
affinity chromatography. Further purification was by anion 
exchange FPLC (MonoQ MR 5/5 column; 0^1 m NaO in 50 mM 
Tris buffer, pH 7.4, containing 0.1 mM CHAPS). Purity was 
determined by SDS-gel electrophoresis and immunoblotting. 
IgV phages (10" colony- forming units) were packaged using 
the hypcrphage method (22) and incubated (2 h a 37 *C) with 
Bt-E-A/340 In 0.07 ml of 10 mM sodium phosphate, 137 mM 
NaCL 2.7 mM KC1, pH 7.4 (PBS). Phages with bound Bt-E-A/340 
were captured using anti-biotin antibody coupled to agarose gel 
(0.22 ml settled gel; Sigma) and washed with 100 ml of PBS 
containing 0.1% bovine serum albumin. Rcversibly bound 
phages were eiuted by incubation of the gel in 0,2 ml of 100 /uuM 
A04O for 1 h with slow mixing, and the residual phages 
covalently complexed to Bt-E-A/3 were eiuted with 0.4 ml of 0 J 
M glycine, pH 2.7. scKv-r derivatives of single domain lgV L -t' 
5D3 were prepared by inserting the deleted V H residues 8 -115 
(Kabat numbering). For this, full-length V H cDNA was ampli- 
fied by PCR using as template the IgV-pHEN2 DNA library and 
back/forward primers containing ApaLT/NotI restriction sites 
(respectively, GGTAgTSCA£TTCAGGTGCAGCTGTTGC- 
AGTCT/ATGTSi^GCec^GGGGAAAAGGGTTGGGGG- 
CATGC), and the cDNA digested with ApaU/NotI was ligated 
into similarly digested plasmid tgV L -r' 5D3 DNA with T4 DNA 
ligase (Invitrogen). Full-length light chain L-f' 5D3 was pre- 
pared by Mutagenex by a chimeragenesls method (23) using as 
starting materials the V L domain of TgV L -t' 5D3 and human k 
chain constant domain (obtained from pLC-huCx (24)) and 
cloned into pHEN2 vector as the NcoI/Notl-digested fragment 
cDNAs for the homodimeric IgV l7 -r form of clone 5D3 were 
prepared by PCR by Mutagenex. Briefly, V L cDNA was ampli- 
fied by PCR from the IgV L -t'5D3 template using back/forward 
primers containing ApaJLI/NotI restriction sites (respectively, 
AAA^C5£ACTTGAAATTGTGTTGACGCAGTCTC/AAA- 
S£SGCCG£GCGTTTGATCrCCAGCTTGGT), and the 
cDNA digested with ApaLI/NotI was ligated into pHEN2 vec- 
tor. The nucleotide sequence of all constructs determined by 
dldeoxy nucleotide sequencing in the 5' to 3' and 3' to 5' 
directions was identical (Applied Biosystems, ABI PRISMA 
3100 Genetic Analyzer). Following electroporation of IgV 
phagemid DNA into HB2J.51 cells, soluble IgVs were puri- 
fied from periplasmic extracts as before. Total protein was 
determined by the microBCA kit (Pierce). For mass spec- 
troscopy (25), the IgV band was excised from the SDS-elec- 
trophoresls gel stained with GelCode Blue (Pierce), sub- 
jected to dehydration in 50% acetonitrile and SpeedVac 
drying, reduced (dithiothreitol) and alkylated (iodoacet- 
amide), and digested with sequencing grade trypsin (Pro- 
mega) and Lys-C (Wako) for 20 h at 37 *C Following extrac- 
tion of gel fragments with acetonitrilc/formlc acid, digested 
peptides obtained by ZlpTip CIS (Millipore) fractionation 
using 5 tx) of aqueous 50% acetonitrile containing 2% formic 
acid were analyzed by mass spectrometry using a matrix of 
a-cyano-4-hydroxycinnamic acid (ABI 4700 MALDNTOF/ 
TOF mass spectrometer). Predicted monoisotopic peptide 
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mass values were obtained using MS-Fit for protein data 
base searches (Protein Prospector, University of California, 
San Francisco). J.gM was purified from human sera as 
described (18). 

Hydrolysis and Binding Assays— Hyd rolys is of 123 1 - A 040 was 
determined as described (1$). Briefly, 125 I-Aj340 prepared by 
the chloramine-T method was purified by RP-HPLC (2.2 
Ci/Mmol). The ,;?5 I-Aj340 (-0.1 dm, -30,000 cpm/tube) was 
treated with IgVs in PB$ containing 0.1 MM CHAPS and 0.1% 
(w/v) bovine serum albumin; intact peptide was separated from 
fragments by precipitation with trichloroacetic acid and acid- 
soluble radioactivity was counted and corrected for back- 
ground values In control assay tubes incubated in diluent with- 
out Ig (mean ± S.D„ 18 ± 6%; n = 7 assays). This procedure 
affords estimates of hydrolysis concordant with RP-HPLC sep- 
aration of the reaction mixtures. Apparent kinetic parameters 
were estimated by fitting hydrolysis rates observed at varying 
A/340 concentrations mixed with a constant amount of 
12 *I-A/340 to the following equation: v ^ (I/^JA^Q])//^ + 
[A04O], where V n}A7t is the maximum velocity at saturating 
A040 concentrations, and K m is the concentration at which 
haJf-maximal velocity was observed. To Identify the reaction 
products, reaction mixtures of nonradiolabeied synthetic A/340 
or A042 (100 jam; American Peptide Co.) Incubated with IgVs 
in PBS/CHAPS were desalted by gel filtration (Bio-Rad micro 
BJo-spin 6 columns), lyophilized, and subjected to MALDl- 
TOF MS with a-cyano-4-hydrcocydnnamic acid as matrix (pos- 
itive ion mode, 20,000 V). RP-HPLC of AjfcHMg reaction mix- 
tures and ESI-MS identification of the product have been 
described previously (18). Hydrolysis of the amide bond linking 
7-ammo-4-methyleoumarin (AMC) to the C-terrninal amino 
acid of peptide-AMC substrates (Peptides International) was 
measured in PBS/CHAPS buffer by fJuorimetry with authentic 
AMC as reference (Aem 470 nm; Aex 360 nm (12)). Hydrolysis 
of biotinyJated proteins was determined by SDS-electrophore- 
sis using peroxidase-conjugated streptavidin to stain blots of 
the gels (18). IgV covalent binding to biotinylated E-hapten 2 or 
E-hapten 3 was assayed in PBS/CHAPS (12). The reaction mix- 
tures were boiled in S.DS in reducing buffer (5 min) and sub- 
jected toSDS-electrophorcsls, and blots of the gels were stained 
with the streptavidin-peroxidase conjugate. IgV binding to 
immobilized Bt-A/340 was determined by enzyme-Jinked 
immunosorbent a$ described (18) except that anti-c-wyc anti- 
body (1:100) was employed to detect IgVs bound to immobi- 
lized antigens (26). 

IgV Modeling— The two V L domains of the heterodimeric 
JgV L2 -f2E61ocated> respectively, on the N- and Oterminal side 
of the linker (designated VL1 and VL2) were initially modeled 
as monomers by sequence alignment to the most- homologous 
V L domains in the Protein Data Bank (PDB codes, respectively. 
1MCB and 2BX5; 85-95% sequence identity) and homology 
modeling with DS 1.7 (Accelrys; modeler module followed by 
minimization in CHARMm force field; 1000 cycles). The VL1 
and VL2 structures were then refined in dimerJc form using as 
template the light chain dimcr PDB 1MCW. The flexible inter- 
domain linker peptide and C- terminal tag region were incorpo- 
rated into the model, and minor steric clashes were removed by 
energy minimization using CNS 1.1 (200 cycles; see Ref. 27). 
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The V L domain of the single domain lgV L -f' 5D3 was initially 
modeled in its paired V L -V H scFv-f 5D3-E6 form by the WAM 
server. V L models in the lgV u < lgV L2 ^, and full-length light 
chain L-f forms of the molecule were prepared by superimpos- 
ing the V L domain from the WAM model to the coordinates of 
the homodimeric light chain crystal structure (PDB 1B6D; 85% 
sequence identity). The structures were submitted to steepest 
descent energy minimization using the Adopted Basis-set Ncw- 
ron^Raphson method under the CHARMm force field (2000 
cycles) until an r.m.s. deviation of 0.1 kcal/mol/A was obtained. 
The quality of all structures was checked using PROCHECK. 
Percent V, residues In the final models located in the most 
favored or generous regions of the Ramachandran plot were as 
follows: *gV T 2 ^2E6, 90.8%; IgV, -t' 5D3, 96.5%; scFW 5D3-E6, 
97.7%; IgV L2 -r 5D3 homodimer, 95.$%; L-t 5D3> 96.9%. Mo 
unacceptable atomic collisions were detected. The van der 
Waals energy was negative, suggesting the absence of bad non- 
bonded contacts. Superimposition and determination of global 
rjn.S. deviation and translational Ca-Ctf movements were per- 
formed using PyMOL (DeLano Scientific LLC). The feasibility 
of A04O interactions with IgV u -/, 2E6 was assessed by molec- 
ular docking as described (18) using ZDOCK with Gin 15 of 
A/340 constrained within 12 A of each putative nucleophilic 
residue (VL1 domain: Ser 27n , Tyr R7 ( Ser* and Thr 105 ; VL2 
domain: Thr 85 , Ser 7C \ and Scr* 1 ). The docked mode) containing 
VL1 domain Thr J05 apposed to A/340 Gin 1 * was the energeti- 
cally most favored structure. 

RESULTS 

ApWHydrolyzinglgVs—WQ reported previously the hydrol- 
ysis of A/340 by polyclonal IgM purified from humans without 
dementia (18). Here we searched for A/340- hydrolyzJng human 
IgVs in a library composed of ~J.0 7 clones. A majority of the 
clones in th c library are scFv-f constructs with the domain orga- 
nization V c .£/-V M -f, where Li denotes die 16-residue peptide 
SS(GGGGS) 2 GGSA joining the V L domain C terminus to the 
V H domain N terminus, and t denotes the 26-resldue Otermi- 
nal peptide containing the c-myc peptide and His 6 tags (7). A 
minority of clones possess unusual IgV structures generated by 
cloning errors (see below). Sixty three IgVs purified from the 
periplasms extracts of randomly picked clones by His 6 binding 
to nickel affinity columns were tested for * S5 I-A/340 hydrolyz- 
ing activity. Two IgVs with activity markedly superior to the 
remaining clones were identified (Fig. IA). The activity of the 
empty vector control extract (pHEN2 devoid of an IgV insert) 
was within the assay error range (50 cpm/h, corresponding to 
mean background acid soluble radioactivity + 3 S.D.). The pha- 
gem id DNA of the high activity IgV clone 2E6 was re-cxpressed 
in 15 individual bacterial colonies. All redoned colonies 
secreted IgV with robust m l-A/340 hydrolyzing activity (Fig. . 
IB), ruling out trivial sample preparation variations as the cause 
of proteolytic activity. As before, the purified extract of the 
control empty vector clone did not hydrolyze ,75 I- A/340. 

In previous studies, electrophillc phosphonate groups incor- 
porated within polypeptides were bound covalently by catalytic 
Ig nucleophilic sites, with noncovalent binding at the peptide 
epitopes conferring specificity to the reaction (21). We 
employed the biotinylated A/840 analog containing phospho- 
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nates at Lys 36 and lys™ .side chains to Isolate A04O catalysts 
displayed on phage surface (Bt-E-A/340i Fig. 24). Phage taVs 
treated with Bt-E- A/340 were captured using immobilized anti- 
biotic antibody, and noncovalently bound phage IgVs were 
eluted by treatment with excess A/340 (designated nonco- 
valently selected IgVs), and the irreversible phage IgV immune 
complexes were eluted by acid disruption of the biotin-antibi- 
otin antibody complexes (designated Covalently selected IgVs) 
The frequency of IgVs with robust A0 hydrolysing activity was 
increased by covalcnt selection (Fig. 23). Four of 7 IgVs 
obtained by covalent selection at 2 f±M A/340 hydrolyzed 12r 'I- 
A/340 at rates >400 cprn/h, compared with 2 of 63 IgVs with 
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FIGURE 1 . ^1^040 hydrdlysb by randomly picked IgV clones. A, identifi- 
cation of rare A0-hydroly2ing IgVs. Sixty three IgVs wpre purified from 
periplasm* extracts (15 ml) of bacterial colonies picked randomly from the 
igv library grown on an agar plate. AHquots of eluates (75 *d) obtained by 
metal afflnhydiroinatography of the perlplasmic extracts (total eluate vol- 
ume 0,9 ml) were tested for A0 hydrolyzing activity. Values are means of 

done. I-A£40,0.l hm; 18 h of incubation. 5, validation of IgV 2E6 hydrolytlc 
activity by reclonlng. Phagemfd DNA isolated from the high activity clone 2E6 
was electroporated Into bacteria, and purified IgV from 1 5 individual colonies 
obtained from the reclonlng procedure were onaiv2ed for Afl hydrolv2ino 
f ur&f* ' n A a)0 " 9 w,lh the a «Kf"«y purified empty vector control 



B 



Bt-E-Ap40 W^NMj 
Bt-OAEFf7HDSGYEVHHQ -jj 




x 



lVFFA5C^GSN-^' i ^^AJ<GLMV6GvV 



Catalytic Antibody Variable Domains 

this level of activity identified by random screening Phage 
.selections conducted at increased A/340 concentration (10 iZ) 
yielded less active I g V 5 (Fig. 23), consistent with the prediction 
of more efficient selection of catalysts at the lower ligand con- 
centration, Eighteen IgVs recovered by noncovalent selection 
displayed no or little hydrolytfc activity. 

IgV Primary Structure and Activity Validation- The cDNAs 
for IgV done 2E6 obtained without phage selection and three 
covalently selected IgVs with the greatest A/340 hydrolyzing 
activity (clones 5D3, 1E4, and 5H3) were sequenced. Identical 
nucleotide sequences were obtained for each clone sequenced 
from the 5' to 3' direction and the 3' to 5' direction. The cDNA 
sequences indicated that IgV 2E6 is a dimer of two different V r 
domains with the intervening linker peptide and the expected 
C-termina! tag (designated heterodirneric TgV^, Fig. M; 
sequences in supplemental Fig. Si). IgVs 5D3, 1E4, and 5H3 are 
single domain V, clones with unexpected C-termtaal poJypep^ 
tide segments, designated IgV^f clones, where f denotes the 
following: (a) the expected linker peptide, (b) a 15-28 -residue 
aberrant peptide sequence in place of the V„ domain composed 
of -115 residues, and (c) the expected 26 residue peptide 
sequence containing the c-wycand HIs 6 sequences (Fjg, SA and 
supplemental Fig. S3 ), 

Two clones were studied further, IgV 1? -r 2E6 and IgV L -f 
5D3. Their deduced protein masses predicted from the cDNA 
sequences are, respectively, 27 and 17 kDa. Denaturing electro- 
phoresis of the IgVs purified by 2 cycles of nickel-affinity chro- 
matography and anion exchange FPLC (IgV L7 - t2E6 and IgV L -*' 
5D3 fractions corresponding, respectively, to retention times 
10-11 and 23-23,5 min; supplemental Fig. S2) revealed silver 
and antf-omvc stainable protein bands close to the predicted 
mass of the monomer proteins (IgV Lr * 2E6, 29 kDa; IgV L -r' 
5D3, 18 kDa; Fig. 3B). The presence of the c-myc peptide 
epitope confirms that these arc IgVbands. In view of its unusual 
structure, the identity of IgV^f 5D3 monomer band was con- 
firmed further by tryptic digestion and mass spectroscopy (sup- 
plemental Table SI). All observed spectroscopic signals origi- 
nated from peptides within the predicted IgV, structure 
deduced from the cDNA sequence, and the peptide signals were 
consistent with deletion of V H residues 8-115 predicted from 
the cDNA sequence. Additional IgV 
bands were detected prior to anion 
exchange chromatography (low 
mass IgV^-r 2E6 band at 18 IcDa; 
high mass IgV L -jf 5D3 bands at 36, 
50, 58, 67, and 74 kDa). All of Aese 
bands were stained by anti-c-fwyc 
antibody (Fig. 35), As irrelevant 
proteins are not stained by the anti- 
c-myc antibody, there is no evidence 
% ¥ ^ °* non-IgV contaminants. We con- 

jjF J» cl uded that the anomalous low mass 

band is an IgV^-f- self- degradation 
product, and the high mass bands 
are IgV L -f aggregates. ,2S I-A04O 
hydrolyzing activities of both IgVs 
remained constant after one and 
two cycles of nickel-affinity chro- 



; 600- 



I 400- 



1 200' 



DECEMBER 26, 2008-VOLUME 283-NUMBER 52 ^wms* 

PAGE 53/92 ' RCVDAT 4128/2010 6:45:45 PM [Eastern Daylight Tune] » SVR:USPT0-EFXRF-6i33* DN1S:2738300 1 CSID:71327053$1 1 DURATION (mn>ss):48-00 



3 

3 

b 



■a 



04/28/2010 17:36 7132705361 



ADLERAND ASSOC I ATES 



PAGE 54/92 



auppjemsnrai Materia can o© touno at: 

Catalytic Antibody Variable Domains 



^1 



VL 



3/AVW fiCFV^t 



igv L -r 



B 



1 2 3 4 5 6 7 8 



D^WWWWVW 

c 

.£> wooo-l 

S 30000 J. 



•f^ 50 



*- r II" 



6000-1 



w 400 fH 
? 2000-1 

1 




FIGURE 3. Structure and hydrdytka^tivHy of lgV Lr t2E€andlgV L ^' 5D3. 

A schematic representation of IgV structures, scFv-f, V, y a ncfV„ domains con- 
nected by a peptide linker with r, the His*/c-myctag located at the C terminus; 
'9 V L2-f 2E6, a heterodlmer of two V lt domains with the linker and t, lgV t -t' 5D3, 
a~ single domain V L with f at the C terminus, corresponding to the peptide 
linker, a short peptide region in place of the V H domain and the ttag. S, SDS- 
electrophoresls of IgVs. Lanes I and 2, respectively, IgV^-r 2E6 purified by 
metal affinity chromatography followed by anion exchange PPLC and stained 
with silver and anti-c-myc antibody. Lanes 3 and 4, respectively, lgV L2 *t 2E6 
purified by two cycles of metal affinity chromatography and stained with 
sliver and antl-c *nyc antibody. Lanes 5 and 6, respectively, lgV L -r ' 5D3 purified 
by metal affinity chromatography followed by anion exchange FPLC and 
stained with silver and anti-c-myc antibody, tones 7 and 8, respectively, lgV L -t' 
5D3 purified by two cycles of metaJ affinity chromatography and stained with 
sliver and anti-c-mye antibody. C 1 *'I-A04Q hydrolysis (cpm/IVjug to? 
means t S.DJ by monoclonal IgM Yvo, a pooled human polyclonal IgM prep- 
aration, lgV L2 -t 2E6, and lgV L -t^ 5D3. 12S l-Aj340, --30,000 cpm (-0.1 nM).The 
monoclonal and polyclonal IgM preparations are described previously (18). 
Data are from assays at 90-405 ^g/ml IgMs and 0.075-0.S5 /ig/ml IgVs. 

matography but were increased following further FPLC purifi- 
cation that removed the degradation product and aggregates 
(Table 1; by 3.1- and 31.2-fold, respectively, for the JgV L2 -t and 
IgV L ~*'). These observations are consistent with Aj3 hydrolysis 
by the unaggregated IgVs. 

Sequencing of 24 randomly picked clones Indicated that 
most IgVs in the library are scFv-f constructs (83.3% clones), 
with only rare representation of IgV L2 -£ and IgV L -f' constructs 
(respectively, 12.5 and 4.2% clones; supplemental Table S2). 
The cumulative probability that all four A/340-hydrolyzing IgVs 
identified in the present study are IgV L2 -jf or JgV L -f clones by 
random chance is very small (p = 0.9 X 10~ 5 ; computed as 
0.125 X 0.Q42 3 ). It may be concluded that the rare IgV struc- 
tures favor expression of A/3 hydrolysis compared with the 
physiological V L -V H paired structure of scFv-£ clones. Tills is 
supported by comparisons of IgV catalytic activities with the 
previously reported polyclonal human IgM preparations and a 
monoclonal IgM from a patient with Waldenstrom's macro- 
globulinemia (18). IgV^-f. 2E6 and IgV L -£' 5D3 hydrolyzed 



TABLE 1 

1z5 )-A0-(l~4O) hydrolyzing activity of IgVs following metal affinity 
and anion exchange FPLC purification 

Kccomblnant IgV preparations purlfiad by t>n* round qF metal afTlnltyohromrtfcog- 
itlphy on niclicJ-agarcwe (preparation MAI) were subjected t&hcr to a second round 
ofmei al affinity chromatography (MA2) or anion exchange chromatography (A£Q) 
on a Mono Q FPLC column. A/3 hydrolysis was assayed a* In Fig, 2. Shown arc 
specific activities expressed inepm/h/u^ of prot-Jn. 
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FIGURE 4. 12S I-A04O hydrolysis by single domain lgV L -f 5D3 and Its 
paired V domain derivatives. A, hydrolytic activity of the lgV L -f (O) and Its 
scFv*f derivatives <•), ,?S I-Aj340, -30,000 cpm, (-0.1 nwi). Values a re means ± 
S.D. Incubation, 18 h. Inset, fanes I and 2, respectively, SDS-eJectrophoresIs 
gels of the rgV L -r stained with silver and anti-c-myc antibody. Lanes 3 and A, 
respectively, an example scPv-f derivative of 5D3 (clone 5D3-E6) stained with 
.silver and anti c-myc antibody. The bends at 1 8 and 30 kDa are, respectively, 
the IgV, -t* and scFv-r. 5, hydrolytic activity of fulMength L-t 5D3 and 
homodlrnerlc 1cjVi t >-f 5D3. 12§ I-A|340 hydrolysis assayed as in A. Inset, lanes 
1 and 2, respectively, SDS-electrophoresIs gels of the L-t stained with sliver 
and anti-c-myc antibody. Lpnes 3 and 4, respectively, the IgV^-t stained 
with silver and antl-c-myc antibody. The bands at 30 and 27 kDa are, 
respectively, the L-f and lgV L2 -r. 



125 I-Aj340 with potencies superior to the IgMs by 3-4 orders of 
magnitude (Fig. 3C). 

Repaired IgV 5DB Versions^The aberrant f region of IgV, 
5D3 contains a deletion of V H domain residues 8-115 (Kabat 
numbering). Four scFv-e constructs were generated from the 
IgV^-r* by Inserting the deleted residues derived from full- 
length V H domains represented in the library (supplemental 
Fig. $3). The repaired scFv-f 5D3 derivatives migrated at the 
expected mass in electrophoresis gels (30 kDa, example in Fig. 
4A, inset). Their '^I -A/340 hydrolyzing activity was consis- 
tently lower than the parent IgV|/t' (by -82-167-fold, com- 
puted by rate comparisons in the linear region of the hydrolysis 
curves; Fig. 4/4 )« This suggests that Aj340 hydrolysis occurs at an 
autonomous catalytic site In the IgV L -f V L domain that is sup- 
pressed by pairing with V w domains. 

Intermolecular noncovalent bonding between isolated light 
chains can generate dimeric light chain structures (29). To 
assess whether noncovalently associated IgV L -£' dimers con- 
taining paired V L -V L structures might account for the hydro- 
lytic activity, we prepared the homodimeric IgV^-f molecule 
containing two 5D3 V L domains connected by the peptide 
linker. Homodimeric IgV^-* 5D3 hydrolyzed 123 1- A £40 poorly 
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a single protein band at the predicted 27-kDa position (Fig. 45, 
/»Mt). As expected, K 5D3 migrated as a mixture of monomers 
and S-S-bonded dimers with nominal mass, respectively, 30 



and 60 kDa. These observations suggest that the monomeric, 
unpaired State of the V L domain is required to maintain cata- 
lytic site integrity. 

Catalytic Properties—The hydrolytic activity of both IgV 
clones was saturable with increasing A/340 concentrations 
(1-100 ilm nonradioactive A/340 mixed with 0.1 run A2 *I- A/340). 
Kinetic parameters are reported in Table 2. MALDI-MS of non- 
radioactive A/340 treated with IgV L2 -r 2E6 or I g v L -f ' 503 indi- 
cated similar product profiles (Fig. and B). The prominent 

table 2 

Apparent kinetic parameters for IgV-eatalyzed A04o hydrolysis 

Reaction rate* were measured following Incubation (^Increasing A04O (1- 100 m.m) 
containing a cnncinm amount or t2P I-A04O (-300.000 cpm) with t 5 V u -r 2E6 (3,75 
\ipm) or IgV.-i' 5D3 (0.15 Mg/ml). Kinetic constants were obtained from nonlin- 
ear regression fiU to the MichaeHs-Mcritcn equation (r 1 for IgV. ,,-t 2E<5 and InV, -t' 

i*r»erwr<virtli# O UU t\ QO\ " PL* 
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mtn' 1 x 




8,0 ± 1.2 


0.3 ± 0.1 


3.7 * 0,* 


Jf[V L .r 5D3 


1.7 ± 0.1 


1.0 ± 0,1 


59,0 ± 4£ 
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FIGURE 5, PflptWe bonds h) A04O and A/542 hydroty*>rf by lgV u -f *£6,/l and B, MALDl-TOF spectra of AS40 
ncubated, respectively, with diluent or lgV L9 -r 2E6. C and £>, MALDNTOF spectra of AB42 incubated, respec- 
tively, with diluent or fgV u -f 2E6. £ sdssile bonds deduced from the spectra (arrows). A3, 100 um- IqV, ,-r2E6 
^;?*: h J"^ f.A0-n-14) (calculated fM + H) + 1 698.7, observed (M + 

S Jg5^^ W 2" 15,( ? ,cuhtad w * H) " 1 826.8, observed {M + Hr 1626.9); X AJW21-40) (calculated 
™ « c tw^ ^ + tP* 1S8 f 1); 4 ' A ^ 1 "20) (calculated (M + H)+ 2461.2, observed (M + H>* 

^f£W«-40)(calcutotecf (M + H) 2520,4, observed (M + H)^520.4);6\pGluAfi*( 15- 40) (calculated 
t? * 2 ? 3 , observecl < M + H )" 2G3 '" 5 >; * AfH1S-40) (calculated (M + H)* 2648.£ observed (M + HP 
2646.5); 8, fulWength A04O (calculated (M + Hp 432&Z observed (M + HP 4328.1); 9, full-lenqth AS40 
(calculated (2 M + HP 2154.6. observed (2 M + HP 21646); /0, A0>(15-29) (calculated (M + HP 16389 
observed (M + Hp 1638.9); 11. A^(J5-28) (calculated (M + H) ' 1581.8, observed (M + HP 1581^)- 12 
"t 2) < C8,c J u,ated <W + H)* 2070. 1, observed (M + H)' 1 2070.2); f3, pGluApW 1 5-42) (calculated (M + H) ' 



2BT4Aobseryed(M + H)* 2814.8); M,A^( 15-42) (calculated (M + H)* 2832.6,Vbserved(M + HJ*2M2 6)-75 



full-length Aj842 (calculated _ , w 
(2 M H- H) 4 " 2256.7, observed (2 M + H) p 2256.6), 



, - Fi 5- 5 legend). Smaller signals rc me 

Rowing peptide products were also detected as follows: 
A0-(1-15), A/3-{i-20), A/3-(16^40), and AJM21-40). The 
corresponding sclssile bonds in A/340 are Gln ,s -Lys ,r ^ and 
Pne -Ala . Similar product profiles were evident in reaction 
mixtures of the longer A/342 peptide treated with the IgV, 2 -* 
2E6 (Fig. R C and D), except that additional minor products 
suggesting cleavage at the Lys 28 -Gly 79 and Gly 29 - Ala 30 bonds 
were evident. As accurate product quantification by 
MALDI-MS is difficult, we also conducted RP-HPLC of A/S40 

Toff ^ rgV, - 7 ~' 2E6 ' ™ $ ^ fcated depletion of the intact 
A£40 peak, accompanied by appearance of a major peptide 
product absent in control chromatograms of the IgV alone or 
A/340 alone (supplemental Fig, S4A). The product peak was 
identified as A/3-(l~14) by ESI-MS, confirming the His 14 - 
Gln bond as the major cleavage site. 

The 12J3 I-A/340 hydrolysis measurements were conducted 
using a small amount of the A/340 substrate (0. 1 hm) mixed with 
excess albumin (I mg/ml; 15 m m), which can serve as an alter- 
nate substrate for promiscuous catalysts. As hydrolysis of 
A/340 was detected readily, the IgVs do not appear to be non~ 
specific catalysts. In addition, there was no evidence for 
hydrolysis of several irrelevant biotinylated polypeptides 
(ovalbumin, soluble extracellular domain of the epidermal 
grcrwth fector receptor, human immunodeficiency virus gpl20, 
protein A; supplemental Fig S4£). 
Previous reports have identified 
promiscuous Igs present in human 
blood using model fluorigenic pep- 
tide substrates (12). IgV t2 -f 2E6 and 
IgV L ~t' 5D3 failed to hydrolyze the 
model peptide substrate apprecia- 
bly (Table 3), whereas a representa- 
tive human polyclonal IgM prepara- 
tion 9010 hydrolyzed large amounts 
of Arg/Lys-containing peptide sub- 
strates. The data indicate specific 
Aj3 hydrolysis by the IgVs. 

Previous reports have indicated 
that proteolytic Igs utilize a serine 
protease-like catalytic mechanism 
entailing nucieophilic attack on die 
electrophilic carbonyl of peptide 
bonds (7, 9). This was the basis for 
the covalent phage IgV selection in 
this study. To confirm the mecha- 
nism, we studied the reactivity of 
IgV Ltr f 2E6 and igV L -r' 5D3 with 
the electrophilic phosphonate cli- 
ester E-hapten-1 (Fig. 6A), a com- 
pound originally developed as a 
covalent inhibitor of serine pro- 
teases (30). E-hapten-1 inhibited 
125 I-A/340 hydrolysis by both clones 
(Fig. 6B}. The biorin-containing ver- 
sion of the phosphonate diesten 
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E-hapten-2, formed 30-kDa covalent adducts with IgV -t 2E6 
that were stable to boiling and SDS treatment (Fig. (>B* inset) 
Control hapten-3, a poorly electrophilic analog of E-hapten-2^ 
did not form detectable adducts with the IgV L2 -t The results 
support a nucJeophilic catalytic mechanism. 

IgV L2 -*2E6 and lgV L ~r' 5.D3 (20 /Ag/ml) did not bind detect- 
ably to immobilized Bt-A|340 in enzyme- linked immunosor- 
bent assay tests (A^ < 0.06), Under similar conditions, the 
reference anti-Ap monoclonal lg<3 (6E10, 0.1 ^g/ml) afforded 
readijy detected binding activity (A 4(90 , 07 ± 0.01). 

Molecular Models— Intramolecular H-bonding between tri- 
ads and dyads of amino acids enhances the nucleophilicity of 
certain side chains responsible for enzymatic catalysis. Exam- 
ples are the hydroxyl side chains of Ser, Thr, and Tyr residues 
activated by spatially neighboring general bases contributed by 
His, lys, Arg, Tyr, Glu, and Asp residues (31-34). We screened 
molecular models of lgV L2 -f 2E6 and IgV, -f 5D3 for side chain 
hydroxyls located within 4 A of atoms that can serve as general 
bases as described in Ref, 31. One triad and several dyads ful- 
filling tliis requirement were found in each of the catalysts (sup- 
plemental Fig. 55 and supplemental Table S3). The presence of 
the potential nucleophilcs is consistent with the mechanism of 

TABLE 3 

Negligible hydrolysis of model peptide substrate* by A0 hydrolyzing 

ND indices not detected: one-letter amino acid code Is used. Peptide- AM C sub- 
strate*, 200 fj,M; purified I&Vs and polyclonal human (gM 9010. 30 iig/ml- 37 "C 
Values (means o( three replicate* £ S. D.) arc slopes of progrew curves mon Ito^cct by 
nunrlmetry as In Rcf. 12. 



Substrate 



AE-AMC 
AAA-AMC 

AAPF-AMC 

EKK-AMC • 

VLK-AMC 

EAR-AMC 

IGGR-AMC 

PFK-AMC 



Hydrolysis, mm AMC/h//iM (g 
^2E6 IgV L -r5D3 tgMWUO 



ND 

ND 

ND 
0.030 ± 0.001 

ND 
0.005 x 0.001 
0.010 ± o.ooi 

ND 



ND 

ND 

ND 

ND 
0.1 M. 3: 0.001 

NO 
0.023 * 0.001 
0.052 r 0.001 

ND 



ND 
ND 
ND 
ND 
13.1 ± 1.4 
o\9 ± 0.4 
61.9 ± 6.9 
Z0 ± 0.7 
37.4 ± 0.7 
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IgV catalysis suggested by electrophilic inhibitor studies Sev- 
eral complexes containing the candidate nucleophilic residues 
of IgV^f 2E6 apposed to Gin 15 of the major A/340 scissile bond 
were evaluated by molecular modeling. Among these, the com- 
pie* containing VU domain Thr 105 apposed to the scissile 
bond was the energetically most fovored structure. This com- 
plex also contained various noncovalent stabilizing interactions 
between IgV u -* 2E6 and A04O, including VL1 domain Gly* 1 

Tit 5?? kb ? ne atoms Mrogen bonded with, respectively, 
A04O Asp" backbone and side chain atoms. 

The V L domain of clone 5D3 is highly catalytic in the 
unpaired IgV L -f ' state and poorly catalytic when paired with a 
second V domain in scFw nr homodimeric IgV L2 ^states. Sub- 
angstrom movements of electronegative atoms can weaken or 
strengthen H-bonds and thereby modulate the nucleophilic 
and proteolytic activities (35, 36). Frequent backbone displace 
ments on the order of 0.5-1.7 A were evident by energy mini- 
mization of the V r domain modeled in the unpaired state versr4S 
the paired scFv^ or IgV^-t states (Fig. 7, A and £), Spatial 
displacement of amino acid side chains that influence H-bond- 
ing strength and Increase or decrease the nucleophilic reactivity 
could also occur by virtue of rotation around single bonds (see 
supplemental Table S3 for changes of inter-residue distances 
within the potential nucleophilic sites in the unpaired and 
paired V L domain states). The modeling results therefore sug- 
gest the feasibility of altered nucleophilic reactivity and provide 
a rational explanation for unequal catalysis by various V L 
domain-containing molecules. 

DISCUSSION 

Our observations indicate the superior A/3 hydrolyzing activ- 
ity of V L domains expressed in the IgV t4 -f and lgV,-t ' scaffolds 
compared with scFv-c constructs mimicking physiological anti- 
gen-combining sites. The catalytic activity is also strikingly 
superior to previously reported catalytic IgMs that contain fully 
natural A/3-combining sites (18). Several IgV Li -f and IgV r -r/ 
clones with exceptional A/3 hydrolyzing activity were identified 
from the library. Inclusion of full- 
length V M domains in these clones 
uniformly suppressed the catalytic 
activity. Certain previous studies 
have presented evidence for hydrol- 
ysis of polypeptides (37) and nucleic 
acid (38) by isolated Ig light chain 
subunits. In contrast to catalysis, 
high affinity antigen binding by 
noncovaJent means depends on 
cooperative V L -V H domain interac- 
tions, and heterodimeric V L -V H 
domain complexes invariably bind 
antigens noncovalently at levels 
superior to the binding activity of 
either V domain alone. It may be 
concluded that the catalytic sites are 
frequently present In IgV L domains, 
but the physiological lg scaffold 
does not favor expression of cata- 
lytic activity. 



lgV L -f'5D3 
-9- lgV L2 -/2E6 
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Ig light chain homodimers overproduced by cancerous B 
cells in multiple myeloma patients can bind certain antigens 
(39, 40). There is no naturally occurring Ig homolog oUgV, r i 
2E6, a heterodimer of two V L domains. Homodimeric IgV^-t 
constructs containing the individual V L domains of IgV u -f 2E6 
were without appreciable Aj3 hydrolyzing activity, suggesting 
that both V, domains in the heterodimer are important in 
maintaining the integrity of the catalytic site. Three A/3-hydro 
lyzing clones with the IgV v -*' scaffold were also identified. In 
energy-minimized molecular models of one such clone, the 
small V H domain peptide in the C- terminal segment was 
revealed as a disordered region without the j3 sheet structure 
typical of the lg fold. Moreover, the proximity of the V H peptide 
region to the V, domain was insufficient to anticipate that it 
contributes to AjS recognition by the V T domain catalytic site. 
Noncovalent intermolecular association of the single domain 
lgV,_-f can be hypothesized to generate homodimeric V L -V t - 
combining sites. However, the stable homodimeric IgV^-f 
derivative containing its two V L domains was devoid of catalytic 
activity, supporting attribution of catalysis to the unpaired V L 
domain. No natural Igs with an unpaired, functionally active V, 
domain are known, In extant organisms, the closest functional 
homolog of the unpaired catalytic V L domain are certain jawed 
fish and camelid Igs containing a single V M domain, which is 
thought .to bind antigen in Its unpaired state (41, 42). The V f 
and V H domains express appreciable sequence identity with 
each other, and modern Igs have likely evolved by duplication 
and sequence diversification of a common primordial gene 
encoding the Ig fold (43). The phylogenic origin of Ig catalysis 
and deterioration or improvemen t of the catalytic function over 
the course of evolution of the immune system remains to be 
examined, 

Electrophilic compounds that react irreversibly with the 
active site of serine proteases inhibited the A/3 hydrolyzing 
activity and formed irreversible complexes with the catalytic 
IgVs. This suggests a nucleophilic catalytic mechanism as 
deduced for other proteolytic Igs from Inhibitor, mutagenesis, 
and crystallography studfes (7, 9, 10). Protein nucleophilic reac- 

D5CEMBER 26, 2008-VOLUME 2A3- NUMBER 52 ^@S$g)^ 



tlvity is generated by intramolecular 
activation reactions within dyads 
and triads formed by precisely posi- 
tioned amino acids, eg. by hydrogen 
bonding between the Ser hydroxyl 
side chain and an imidazole nitro- 
gen. Even small, sub-A side chain 
movements can weaken the bond- 
ing and induce loss of active site 
nucleophilic reactivity. Noncova- 
lent antigen binding, on the other 
hand, is mediated by weak and more 
numerous interactions at several 
contact residues in Ig-combining 
sites (1). Loss of any single contact 
because of a minor conformational 
change may weaken noncovalent 
antigen binding, but an abrupt tran- 
sition from the binding state to a 
nonbfnding state is less likely. 
Molecular modeling of the domain IgV*' 5D3 sug- 

gested the likelihood of minor structural perturbations upon 
pairing the catalytic V L domain with another V domain, helping 
explain the poor catalytic activity of the scFv-* and 
homodimeric lgV f . a -j versions of the molecule. Compared with 
the suppressive effect of V L - V H and V L -V L pairing, the catalytic 
activity of the single domain V, was tolerant to inclusion of the 
G-terminal k constant domain. This is significant, because it 
opens the route to inclusion of Oterminal moieties that reduce 
IgV clearance, e.& polyethylene glycol or the Ig Fc fragment 
{44-46). Engineering stable catalyst versions with sufficient 
longevity in vivo is an important goal for clinical applications. 
scFv-f constructs have short half-Jives in peripheral blood (47), 
and in view of their small size, the IgVs may also be subject to 
rapid clearance In vivo. Another route to prolonging the life- 
time of IgVs is their recloning within the physiological IgCH scaf- 
fold (48). The two domain IgV^- 1 2E6 is a heterodimeric struc- 
ture that should allow development of a IgG-iike structure with 
a combining site formed by the two V L domains. 

Drugs currently employed to treat AD do not arrest the 
underlying pathology and progressive cognitive decline. A/3 oli~ 
gomer accumulation is thought to be a major cause of neuronal 
death and dysfunction in the AD brain (49, 50). Small amounts 
of peripherally infused Aj3 binding monoclonal IgGs traverse 
the blood-brain barrier, and IgCt-faciiitated Aj9 clearance has 
emerged as a novel therapeutic strategy with the potential to 
halt cognitive decline in AD patients (51). Reverslbly binding 
IgGs can at best bind two antigen molecules. Large quantities of 
stoichiometrically binding monoclonal IgGs are usually 
required for immunotherapy. Catalytic Igs hold the potential of 
clearing A£ efficiently by virtue of the specific A/J degrading 
activity, For example, from its * cnt value in Table 1, a single 
IgV t -r 5D3 molecule Is predicted to digest 4320 A/5 molecules 
In 3 days at excess A£ concentration. The enzyme neprilysin 
has received attention as a potential AjS-clcaring AD drug (52), 
The k mt of neprilysin for A0 is comparable with the IgVs 
reported here (53). Neprilysin, however, also hydrolyzes irrele- 
vant polypeptides (54), whereas the IgVs did not degrade 
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non-Afi polypeptides detectably. Ap degradation by an IgM at a 
substantially lower rate than the IgVs w a $ previously reported 
to inhibit A0 aggregation and A/3-induced neurotoxicity (18), 
The IgVs hydrolyze the His^Ghv' 5 bond and, at lower levels, 
other peptide bonds located in the central A0 region The 
^ggregabiiity of various synthetic Aj9 fragments is generally 
weaker than full-length A0 (55-57), but the precise functional 
effects of IgV-catalyzed A0 hydrolysis remain to be examined 
Concerns have been, raised that A/3 binding IgGs can induce 
inflammation (58) and vascular microhemorrhages (59> 60) 
caused, respectively, by immune complex-stimulated release of 
microglia] inflammatory mediators and lgG~stimulated A3 
deposition in cerebral blood vessels. The IgVs reported here do 
not form immune complexes dotectabty. They degrade A0 per- 
manently, minimizing the rislcs of inflammatory mediator 
release and A0 re-deposition in the vascular wall The recently 
reported phase II clinical trial of a reversibly binding anti-AjG 
monoclonal IgC in patients with miid-to-moderate AD 
patents highlights the importance of searching for safer and 
more effective immunotherapeuclc reagents (61), A dose-limit- 
ing incidence of vasogenic edema in magnetic resonance 
images was evident in this trial. At lower doses of the IgG, cog- 
nitive performance tended to improve, but the effect did not 
reach statistical significance in the intent-to-treat population. 
However, upon exclusion of patients homozygous for the apo- 
HpoproteLn E4 allele, post-hoc analysis suggested significantly 
improved cognitive functions in the remaining patient sub- 
group. The apolipoprotein E4 allele is known to predispose AD 
patients to increased amyloid accumulation (62). 

In summary, the specific and efficient A0 degrading activity 
of the IgVs supports evaluation of their efficacy and safety in 
attaining A0 clearance. The potential medical utility of catalytic 
Igs to microbial antigens and cancer-associated antigens has 
been discussed previously (28), but the low catalytic rate con- 
stants of physiological Igs have been a barrier to their clinical 
application. Our observations suggest that enhanced cataly- 
sis can be achieved by placing the V tr domains within non- 
physiological two domain and single domain scaffolds, [f this 

finding proves generally applicable, development of efficient 
catalysts specific for other clinically important antigens 
should be feasible. 
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Wo report the results of efforts to strengthen di . 
recc tfte natural nucleophilic activity of antibodies (Abs) 
for the purpose of specific cleavage of the human immu- 
nodeficiency virus-1 coat protein gpl20. Phosphonate 
E G ^v pS V*** 0 "*^ reported to form a covalent 
W ? h ^ e acU ! e ^leophUe of serine protsaso* 
(Taul, Tramontane A., Gololobov, G., Zhou. Y X 
Ta^uchi, a, Karie, S., Ntebiyama, Y., Planque, S., and 
George, $. (2001) J. BwL Chem. 276, 28314-28320) were 
placed on Lya «i de chaittB of ^ Seven monocl0M| 
Abe raised by immunisation with the covalently reactive 
analog of gpi20 displayed irreversible binding to this 
compound (binding resistant to dissociation with the 
?!!?oi u P *I? SDS) - CateI y tic cleavage of biotinylated 
gp!20 by three monoclonal antibodies was observed. No 
cleavage of a lbumin and the extracellular domain of the 
epidermal growth factor receptor was detected* Cleav 
age of model peptide substrates occurred on the C-ter. 
™ al ^ e P °L baflic amln » acids » Km for this reaction 
was -200-fold greater than that for gpl20 cleavage, hv 
dicating Ab specialization for the gp!20 substrate. A 
hapten phosphonate diester devoid of gp!20 inhibited 
the catalytic activity with exceptional potency, confirm- 
ing that the reaction proceeds via a serine protease 
mechanism. Irreversible binding of the hapten phospho- 
nate diester by polyclonal IgG from mice immunized 
with gpl20 covalently reactive analog was increased 
compared with similar preparations from animals im- 
munized with control gpl20, indicating induction of Ab 
nucleopbdicity. These findings suggest the feasibility of 
raising antigen-specific proteolytic antibodies on de- 
mand by covalent immunization. 



Promiscuous cleavage of small peptide substrates is a heri- 
table function of Abs 1 encoded by germ line gene variable 
domains (forrcview, see Kef. 1). Peptide bond cleaving Abs with 
specificity for individual polypeptides have been identified in 
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patients with autoimmune (1) and alloimmune disease (2) 
Specific monoclonal Abs and Ab light chain subunits displaying 
proteolytic activities can be raised by routine immunisation 
with polypeptides (3, 4>. Under ordinary circitm stances, how- 
ever, adaptive maturation of the catalytic activity may not be 
a favored event. B cell clonal selection occurs by sequence 
diversification of R enes encoding the Ab variable domains 
followed by selective binding of the antigen to cell surface Abs 
n ^ ^ eat * 5t affinity, which drive* proliferation of the B 
cells (5). Catalysis entails chemical transformation of the 
antigen and release of product* from the Ab, -which may cause 
cessation of B cell proliferation when the catalytic rate exceeds 
the rate of transmembrane signaling necessary to stimulate 
cell proliferation. 

Originally developed as irreversible inhibitors of convene 
bonal serine proteases, liaptenic phosphonate asters are re- 
ported to bind the nucleophilic sites of natural proteolytic Abs 
covalently «3, 7). The hapten* phosphonate* could potentially 
serve a* covalently reactive analogs (CRAs) for inducing the 
synthesis of Abs with improved oudeophiiicity. To the extent 
that Ab nucleophuirity i a rate-limiting in proteolysis, its en- 
hancement may permit more rapid peptide bond cleavage, i.e. if 
the subsequent steps in the catalytic reaction cycle (hydrolysis 
Of the acyl-Ab complex and product release) do not pose signif- 
icant energetic hurdles (see Fig, 1). The innate character of Ab 
nucleophilic reactivity is the central element of this approach 
and there is no requirement for cte nova formation of chemically 
reactive Sites over the course of variable domain sequence 
diversification. Most previous attempts to program the struc- 
ture of catalytic sites in Abs in comparison have relied on 
noncovalcnt stabibzation of the oxyanionic transition state (i.e. 
by immunisation with transition state analogs; Refk 8 and 9). 
An Ab with esterase activity (10) and another with aldolase 
activity (11) utilise covalent catalytic mechanisms, but the 
relationship of these activities to innate Ab nucleophilicity ia 
unclear. 

An ideal antigen -specific proteolytic Ab may be conceived to 
combine traditional noncovalent binding interactions in the 
ground state of the Ab-antigen complex with nucleophilic at- 
tack on the peptide backbone. The ground state interactions 
arc desirable to obtain specificity for individual polypeptide 
antigens. No impediments for catalysis are presented by the 
stable ground state complexes, provided the noncovalent inter* 
actions are carried over into the transition state complex and 
are properly coordinated with nucleophilic attack at the reac- 
tion center. In theory, synthesis of antigen-specific proteolytic 
Abs could be induced by an analog that presents a mimetic of 
the chemical reaction center in the context of classical anti- 
genie epitopes available for noncovsJ.ent binding interaction*. If 
the reaction proceeds by a lock-and-key stereochemical mech- 
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I, R=R 1 ; II. 




gpl20-cleaving Antibodies 



R, 



R 3 




B «*Ji 

PhO 



,ihm, 



PhOH 




7~ 



Fig. 



n 2 m-Aq/ 



H £ 0 



T kFH* ^^^T M> . rc ^ < ^ on ^ ic 0 sch03 * atic ^presentation of ppl20 with R3 anbstJtuonts at Lys residues. 

L«ft of m are streptavldin-peroxidase stained bl ota of SPS-electrophoresis gels showing biotinylated in. containing 4- mol (fane 2) and Id mol Uan# 
fl™^f°™^J^%r ™ d «*W«* A^-Lys-OH. N-terminnl antigen fra^^ NFL.-Ag", C-tcrminal antigen 

n^ment, = k3 + k3 . A catalytic Ab forms the Diitiai noncovatcnt complex fey conventional epitope-paratope inactions. The active site 
nudeophitc attacks the carbonyl carbon of the scisaue bond In As^ (substrate) to form the tetrohedral transjtion^tate complex. The C-torminal 
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anism, the mimetic must be located precisely at the position of 
the intended ecissile bond in the backbone of the polypeptide 
antigen. In the instance of large proteins, locating the mimetic 
within the protein backbone is outside the range of present-day 
synthetic technologies. A potential solution is to place the mi- 
metic group at amino acid aide chain© uaing chemical linker 
techniques. An Ab nuclcophile that recognizes the side chain, 
mimetic could facilitate proteolysis if it enjoys sufficient con- 
formational freedom to approach the polypeptide backbono of 
the substrate and form the acyl-Ab complex (see Fig, 1). 

We describe here the characteristics of Abs induced by a CRA 
of the HIV-1 coat protein gpl20 (gpl20-CRA) consisting of 
phosphonato diester groups located in Lys side chains of the 
protein. Enhanced serine protease-like nuclcophilic reactivity 
of the Abs was observed. One monoclonal Ab cleaved gpVZO 
slowly and specifically, it displayed preference for cleavage on 
the C-terminal side of Lys/Arg residues, and the catalytic re- 
action was susceptible to CRA inhibition. These findings are 
the first indications that Abs with proteolytic activity specific 
for individual proteins con be raised on demand. 



MATERIALS AND METHODS 
Hapten, Kpl20*CRAs t and 8f.Qimyfoted Proteins— Synthesis Of hap- 
ten CRAs I and U (sec Fig. 1) and tbeir characterization by clcctro- 
apray ionization- mass spectroscopy and elemental analyses have 
been described previously (12). For preparation of /?pl20-CRA HI, 
the precursor diphenyNN-{0-(3-sTilfosuccinlmidyl)auberoyl] amino- 
(4ami<ljnophcnyl)metliaiifiphosphonate (IV) was synthesized by mixing 
a solution of dipher^laminot^-amidlnophcnyOn^thanephosphonakc (79 
mg. 0.13 mmol) in A^dimethylformomidc (2 ml) containing AW- 
diisopropylcthyiamine (O.J.I ml, 0.63 mmol) and bis(sulfoflucrinimi- 
dyUsuherate dieodiura salt (1150 mg» 0.26 mmol; Pierce) for 2 h. IV was 
Obtained by reversed-phasc high performance If quid chromatography 
(12) and ryophUi-scd to give a colorless powder (yield 64%, 50 mg; m/z 
715 (MH+) by electrospray ionization mass spectroscopy), IV (X.X mg) 
was reacted with electrophoretically pure fjpl20 (0.5 mg; Immunorfiag. 
noetic Inc., MN strain, purified from baculovirus expression system) in 
5 ml of 10 m M HEPES, 25 mM NaCl, 0.1 mM CHAPS, pH 7,5 buffer (2 h, 
26 °C). Excess IV was removed by «el filtration (Micro Bio-Spin 6 
disposable column. Bio-Rad), and the concentration of free amines in 
the initial protein and CRA-dcrivitized protein was measured using 
fluorescamine (13). The density of labeling was varied as needed from 
4.0 to 32.6 mol of ORA/mol of /rpJ.20 by varying the concentration of IV. 
Preparation of gpl20 labeled at Lys residues with biotin (Bt-gpl20) was 
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by similar means using 6-biotinomidohexanoic acid /V*lrydroxysuccIn- 
Jraide ester (SiRmn). The reaction time and rasctaut concentration a 
were controlled to yield biotin/gpl20 molar ratios 0.8-1.9. Unreached 
Motinylation reagent was removed uain/cf a disposable gel filtration 
column in 50 mM Tria-HCl, 100 rrnvr glycine. 0. 1 mM CHAPS, pH 7.S. The 
biotin content was determined using 2-(4'-hydroxyazoben*cne)benzoic 
acid (14). Total protein measurements were dene usina the BCA method 
(Pierce kit). Biotinylated m was prepared from Bt-^n>120 as described 
for m. With increasing incorporation of the hapten, groups, biotinylated 
III tended to form dim ere and trim era evident in SDS electrophoresis 
gels a$ bands at - 240 and 380 kDn (nominal masB of monomer gpl20, 
350 kDn). Biotinylated III at hapten density similar to the non-bio- 
tinylated III employed as immunogen (23 mol/mol of gpl20) contained 
the monomer, dixacr, and trimer speciBs at proportions of 50, 21, and 
29%, respectively. Protein-CRAa were tyophiljzed and stored at --20 "C 
until used. BVgpl20 was stored at -70 °C Jo 50 mM Tris-HCl, pH 8.0, 
0.1 m glycine, 0.1 mM CHAPS. Storage of I and II was at -70 n C as If) 
mM solution* in iV^-dimethylformamide. The extracellular domain of 
EGFR (exEGFR) obtained from Dr. Maureen O'Connor (15) was bio- 
turyiatcd as described for gp!20 (0.9 mol of biotin/mol or cxBGFR). 

Antibodu»— mAbs were prepared from female MRL/MpJ-Faa lpr mice 
(The Jackson Laboratory. Bar Harbor, ME; 4-T> week?) immunized with 
gpl20-GRA III (23 mol of phoaphonate diestsr/mql of gpl20). The mice 
wBre injected OUraperitoneally on days 0, 14, and 28 days with spl20- 
CRA III (11 fig) in Ribi adjuvant (monophosph oryl lipid A + trehalose 
dicorynomycolate emulsion; Sigma) followed by a fourth intravenous 
booster without adjuvant on day 55. Blood was obtained from the 
rctroorbital plexus over the course of tho immunization schedule. Three 
days after the final injection, hybridomas were prepared by fusion of 
splonoeytee with myeloma cell line (NS-1; Ref. 3), After identifi cation of 
wells secreting the desired Abe by BUS A, monoclonal cell lines were 
prepared by two rounds of cloning by limiting dilution. Monoclonal IgG 
was prepared from tissue culture supomatants containing mAba (200 
ml) by affinity chromatography on immobilized protein G (3). Control 
mAbs (anti-VTP clone c23.G and anti-yellow Tever virus antigen clone 
CRL 1689; ATCC) and serum IgG were purified similarly. "The IgG 
preparations were electro phoratically homogeneous, determined by sil- 
ver staining of overloaded IgG and immunoblotting with specific Abs to 
mouse IgG (3). Additional immunizations of female BALB/c mice (Jack- 
son; 4-5 weeks) with gpl20 or gpl20-CRA were carried Out similarly. 
mAh heavy and light chain jtaotypes were determined by BUS A as 
described (3). 

&&r$A — Majrisorp 96-wetl microtiter plates (Nunc) wore coated with 
gpl20 or frol20-OBA (40-100 ng/well) in 100 mM bicarbonate buffer* pli 
9.6. Routine ELISAs were carried out as described (16). For assay of 
Irreversible binding the Abs were allowed to bind the plates, and the 
wells were treated for 30 min with 2% SDS in 10 mM sodium phosphate, 
137 mM NaC). 2.7 mat KCI, 0.06& Tween 20, pH 7.4 (PBS-Tween) or 
PBS-Tween without SDS (control wells for measurement of total bind- 
ing). The wells were then washed three times with PBS-Tween, and 
bound IgG was determined as usual using a peroxidase conjugate of 
goat anti-mouse IgG (Fc-apecific; Sigma). Observed values of binding 
were corrected for nonspecific binding in wells containing nonimmune 
IgG or nonimmune mouse serum CA 400 < 0.03). Percent residual hindiug 
in SDS-treated wells was computed as (A^,, SDS-tresfced wells) x 
lOO/(A 4f>07 PBS-Tween-treated wells). 

JSlectnphorcsis of Ab-CRA Complexes — Irreversible binding of bioti- 
nylated CRAs by purified IgG was determined by denaturing electro- 
phoresis (6), Briefly, the reaction mixtures were incubated at 37 °C in 
50 mM Tria-HCl, 0.1 m glycine. pH 8.0. SDS was added to 2%, and the 
mixtures were boiled (5 mini and then subjected to SDS-FAGE (4-20%, 
Bio-Rad, or 8-25% Phast gels, Ameraham Biosciences). After cleetro- 
blotfclng onto nitrocellulose membranes (0.22 f*m, Bio-Red), tho mem- 
branes were blocked with b% skim milk in PBS-Tween and processed 
for detection of IgG Or biotin using peroxidase-conjugatcd goat anti- 
roouse IgG (Sigma) or peroridnsc-conjugated atreptavidin, respectively. 
Imaging and quantification were using x-ray Him (Eastman Kodak Co.) 
with Unscan-it software (Silk scientific, Orem, UT) or a Fluoro-STM 
MuWImager CBio-Rad). Biotinylated bovine serum albumin (11 mol of 
biotin/mol of bovine eerum albumin; Sigma) was employed to construct 
a standard curve {0.O6-1.5 pmol of biotin/lans). 

Hydrolysis Assays— Eiatinyhted proteins were incubated with IgG 
in 50 mM Tria-HCl, 0.1m glycine, 0.1 mM CHAPS, pH 8, at 37 *C, the 
reaction was terminated by addition of SDS to 2%, and the samples 
were boiled (6 rain) and then analyzed by reducing SDS-gel electro- 
phoresis (4-20%, Bio-Red). Biotin containing protein bands in blote of 
the gel wera identified and quantified as in the preceding section. In 
some blots, reaction products were identified by immunoblotting using 



A, gp120 



ft 

I 



0.6- 










-90 


0.4- 


/ 






Total / 


-60 




btnemojf 




0-2- 




-30 










Wedlng 





1000 300 100 




1000 30Q 100 



serum dilution 



Fie. 2. Irreversible III binding by polyclonal Abs. A, immobi- 
lized gp!20. B, immobilized TIT Shown are P.LISA values for binding of 
polyclonal Abs in eerum of mice hyperimmunized with Til (pooled sera, 
n 4 mice). Binding of nonimmune mouse serum was neghgJble (A 4tw 
of 1:100 nonimmune scmra in O.OO l (A) and -0.002 (S)). Residual and 
total binding represent A^ 0 values in wells treated with and without 
SDS, respectively. Inset, anti-IgG stained Wot of SDS*electropbnresi B 
gels showing in (0.3 f m) treated for 48 h with nonimmune IgG (lane 2. 
0.1 mm) and antkOT IgG (lane 3, 0.1 /im). Large Ab-containing addacts 
arc evident at - 400 kDa in lane 3. Lane 1 Is u shorter exposure of tone 
2 showing a weU defined 150-fcPa band at the position of the smear 
evident in overexposed lamrn 2 and 3. 

peroxidase-COnjugated goat anti-gpl20 Aba (Fitzgerald. Concord, MA; 
catalog #60-Hl4) (16). N-tcrminal sequencing of protoin bandR from 
electrophoresis gels was done as described previously (17). Hydrolysis of 
peptide-MCJA substrates (Peptide International, Louisville, KY or 
Bachem Biosciences, King of Prussia, PA) was determined in 96-well 
plates by fluorimetric detection of amtnometbylcoumorin (Varian Gary 
Eclipse; A^. 360 nm„ A um 470 nmj with authentic aminomethylcouraarin 
as standard (6>. Cleavage of [Tyr™- I£r 'IJVIP by mAb c23.5 was meas- 
ured as the radioactivity rendered soluble in trichloroacetic acid (17). 
Kinetic parameters for cleavage of increasing concentrations of peptlde- 
MCA substrates wcro determined from the Mich aelis-Menten equation, 
v n (V nuix [SM/C + |S}). Because of the expense of studying gpl20 
cleavage at large concentrations of the protein, (~K m ) and for 
this reaction were obtained from the general quadratic equation (17) 
[CSr - rCS] OCJ -r [SJ + KJ + [C,] FSCJ - O, where [CJ and [S,l a«* 
the total concentrations of catalyst and substrate, and [CSJ is tnc 
catalyst^u borate Concentration. The method consists of calculation of 
(CSJ at a series of assumed values. The assumed value yielding 
the best fit fby linear regression) between the observed reaction velocity 
and [CSJ represents the experimentally determined K*. k thi is computed 
as the slope of the observed velocity versus 10$) plot. 

RESULTS 

gpl20'CRA Design and Validation — Synthesis of hapten 
CRAs 1 and n (Fig. 1) and therr covalent reactivity with nat- 
urally occurring proteolytic Abs has been described previously 
(6, 7). Hie electrophitic phosphonate mimica the peptide bond 
enrbonyl group susceptible to nucJenphilic attack., the positively 
charged ami.dino group adjacent to the phosphonate dieftter 
serves as a mimic of Lya/Arg PI rcsiduaa at which cleavage by 
germ line-encoded proteolytic Abs is observed (6), and the bio- 
tin group in I permits sensitive detection of Ab-phosphonate 
adducts. gpl2f>CRA III contain* phosphonate diestor groups 
in spatial proxiraity with antigenic epitopes presented by the 
protein. Multiple phosphonnto dieater groups were available 
per molecule of gpl20, allowing presentation of the electro- 
philic hapten in conjunction with diverse antigenic epitopes. 

Robust polyclonal Ab responses in MRLOpr and BALB/c mice 
immunized with III were observed by routine ELISA. Abs 
raised to III were bound at somewhat greater levels by immo- 
bilized III than control gpl20 devoid of phosphonate diester 
groups {Fig. 2). Conversely, Abs raised to control gpl20 recog- 
nized irnmobilized IIX, but the binding was 3-4-fold lower than 
by immobilized gpl20 (e.g. at serum dilution of 1:1000, A Am 
0.44 ± 0.03 fox imniobiKzed IU and 1.40 ± 0.03 for immobilized 
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gpl20). HI binding by nonimmune Abs was negligible, indicat- 
ing that indiscriminate covalent binding at the hapten groups 
was not a problem. The observed differences in the antigenic 
reactivity of gpl20 and HI wore held to be sufficiently am all to 
proceed with further Ab studies. To facilitate high throughput 
screening, the feasibility of measuring irreversible in bin ding 
by Abs was studied by ELISA. After binding of polyclonal Abs 
anti-UI Abs to the immobilized antigens, ELISA plates were 
treated with the danaturant SDS to remove rcvorsibly bound 
Abs. SDS treatment allowed essentially complete removal of 
anti-UI Abs bound by control gpl20 devoid of hapten phospho- 
nafce groups. In comparison, 13-40% of the overall anti-Ill Ab 
binding activity consistently remained bound to immobilized 
HI after SDS treatment in three repeat experiments. SDS- 
eJectrophoresiS and immuuoblotting with Abs to mouse IgG 
confirmed formation of irreversible Ab-UI complexes in boiled 
reaction mixtures (Fig. 2B, inset, lane 3 t estimated mass from 
extrapolated standard curve of molecular mass standards, 
-400 kDa; large complexes can be formed by binding of mul- 
tiple Abs to hapten groups in 

Catalytic Activity— mAbs were prepared from MRL/lpr mice 
immunized with gpl20-CRA HI. This mouse strain develops 
lupus-like autoimmune disease attributable to the dysfunc- 
tional Fas-receptor gene. Spontaneous development of proteo- 
lytic Abs (18) and increased synthesis of esterase Abs in re- 
sponse to immunization with phosphonate moooester haptens 
(19, 20) have been reported in this mouse strain. Superuatants 
from 712 hybridoma wells (two splenocyte-myeloma cell fu- 
sions) were screened for SDS-resistant binding to nt. IgG from 
seven wells was positive for this activity. After cloning of the 
cells by limiting dilution, monoclonal IgG from the sopernn- 
tants of the seven cell lines was purified, and the binding 
assays were repeated (Fig. 3; clones YZ13, IgG2a,/r, YZ19, 
lgG2b,*; YZ20, lgQ2w YZ21, IgG2a,,c; YZ22, IgG2a,/c, YZ23> 
IgG2a,ic, and YZ24, IgGl,K), Of total binding observed without 
SDS treatment of the ELISA plates, residual binding after the 
detergent treatment was 43-83% in 4 repeat assays. All seven 
mAbs were also bound by gpl20 devoid of hapten CRA groups 
determined by routine ELISA without SDS treatment, indicat- 
ing that they are not directed to neocpitopes generated by 
chemical modification procedures used for JJU preparation. An 
irrelevant mAb (clone CRL 1689) displayed no detectable bind- 
ing of m or gpl20. 
Of seven mAbs with irreversible in binding activity, slow 
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Pic. 4. Cleavage of Bt-gpl20 by mAb A, etreptavidin per- 

oxidases tained blot of SDS-filectrophorBFis $e.\s showing time-depend' 
ent Bt-fTp3 20 cleavage by mAb YZ20 and lade of cleavage by mAb YZ19 
(22 h incubation). IgG, 1 f m; Bt-gpi20, 0.2 /xM. OE< overexposed lanea 
showing Bt-f^pl20 incubated for 22 h in diluent and with YZ20 Jj?0 (1 
fiM). Product banda at 27 nnd 15 kDn ore visible in addition to the major 
50-65 kDa bgods. B> anti^Kpl20 -peroxidase stained blot of SDS-cloc- 
trophorcgis gal showing gpi20 U ^m) incubated with diluent or Y320 
IgGMjiM. 24 h\ 

cleavage of Bt-gpl20 by three mAbs was detected (YZ18, YZ20> 
YZ24), determined by the appearance of biotm-containing frag» 
ments of the protein in SDS-elcctrophoresia gels. The electro- 
phoretic pattern of Bt-gpl20 cleaved by inAbs YZ18 and YZ24 
were similar to that shown for mAb TZ20 in Pig. 4. mAb YZ20 
was farther studied as it cleaved Bt-gpl20 -5-fold more rap- 
idly than the other two mAbs. The consumption of gpl20 was 
time-dependent (Fig. A A). Major biotin-containing cleavage 
products with apparent mass 56" and 50 kDa were observed 
along with less intensely stained bands at 27 and 15 kDa. A 
band at 3fi kDa was visible in overexposed gels, but this does 
not represent a product of mAb cleavage, as it was present at 
sinular density in control incubations of Bt>gpl20 in diluent. A 
control-irrelevant mAb (clone CRL 1689) did not cleave Bt> 
gpl20. Immunoblotting using polyclonal anti-gp!20 Abs con- 
firmed that non-biotinylated gpl20 is also susceptible to cleav- 
age by the mAb (55-kJDa cleavage product, Fig. 4B), Both 
detection methods allow quantification of gpl20 cleavage by 
measuring depletion of intact gpj.20. Neither method provides 
guidance about the complete product profile or product concen- 
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tration, because Bt-gpl20 contains min imal amounts of biottn 
(-1 mo]/mo)gpl20), and the polyclonal Abs used for immuno- 
blotting do not react equivalently with the cleavage products. 

mAb YZ20 did not cleave biotinylated bovine serum albumin 
or the extracellular domain of the epidermal growth factor 
(oxEGFR), indicating selectivity for gp!20 (Fig. &A>. Attempts 
to identify the bonds cleaved by mAb YZ20 were unsuccessful. 
N-terminal sequencing of tlie 55- and 60-kDa bands yielded 
identical sequences (TEKLWVTVYY), corresponding to the N- 
terminal residues of gp!20. Sequencing of the 15-kDa band 
from the YZ20 reaction mixture did not yield detectable phe- 
nylthiohydantoin derivatives of amino acids, possibly because 
of a blocked N terminus. Identification of the 27-lcDa gpl20 
fragment is complicated because of its comigration with the Ah 
light chain in. reducing gels. Because identification of the pre- 
cise bonds m gpl20 cleaved by the mAb was not central to the 
present study, we turned to the use of model peptide substrates 
for determination of srissile bond preferences. A fluorimctric 
assay was employed to determine mAb-catalyzed cleavage of 
the amide bond linking aminomethylcoumarin to the C- termi- 
nal amino acid in a panel of peptidc-MCA substrates {Fig. 5B). 
The peptide-MCA substrates were used at excess concentration 
(200 yM), permitting detection of even weakly cross-reactive 
catalytic Abs. Selective cleavage at Arg-MCA and Lys-MCA 
was observed, with no evident cleavage on the C-tormiual side 
of neutral or acidic residues. To confirm that the rate differ- 
ences are because of recognition of the basic residue at the 
cleavage site (as opposed to remote residues), we studied two 
tripeptide substrates identical in sequence except for the N- 
tenninal residue at the sciaaile bond, Gly-Gly- Arg-MCA and 
Gly-Gly-Leu-MCA. The former substrate was cleaved at detect- 
able levels by Ab YZ20 (0.31 Z 0.01 (S,D.) jxm aminomethylcou- 
marin/19 b/jxM IgG), whereas the fluorescence intensity in re- 
action mixtures of the latter substrate and the Ab was 
statistically mdistinguishable from background values ob- 
served in assay diluent (0.02 t 0.04 MM MCA/19 h/jiM IgG; p > 
0.05; student's t test, unpaired; Fig. 5C). The basic residue 
preference is consistent with the presence of positively charged 
amidino groups neighboring the phosphonate groups in the 
immunogen (Hi) and selective cleavage on the C-tenninal side 
of Arg/Lys residues by germ line-encoded proteolytic Abs ob- 
served previously (21, 22). 
Attainment of the desired catalytic properties, t>, the abili ty 



■ three replicates ;t S.D. 
Tabu: I 

Kinetic jw&mefcr* for cl<>ax>agt> of&t»gpl20 and 
BocBAR-MCA by MAb YZ26 
IrO (1 jtM) was incubated with Bt-gpl20 (0,14-2.2 fiM; 13 b) or 
Boc-EAR-MOA 31 { 1000 f m. G h). Clenvagc of Bt-gpI20 was determined 
by measuring depletion of the 120-kDa intact protein band on SDS-gelR 
run in duplicate and of EARrMCA by fluorinietry in triplicate. Kinetic 
Parameters for Bt-gpl20 cleavage won* computed using the general 
quadrate equation describing a onc-site binding Interaction and. for 
EAR-MCA, by fitting the data to the Michacb's-Menten equation (see 
'Materials and Methods*'). 
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to combine high affinity for individual antigens with rapid 
turnover, can be judged from the K m and ft Cflt parameters (mol 
of antigen cleaved/mol of Ab/unit time). The K m of mAb YZ20 
for Bt-gpl20 was about 200-fold smaller than its preferred 
peptide-MCA substrate (EAR-MCA; Table I; single letter code 
for amino adds), consistent with development of specificity for 
gpl20 by immunization with Ttt. Twelve mol of EAR-MCA 
were cleaved per mol of mAb YZ20 over the course of the 
reaction (22 h), indicating that the mAb is capable of turnover, 
a defining feature of a catalyst. Turnover of Bt-gpl20 was 
-10-fold lower than that of EAR-MCA. Previously, conven- 
tional non-Ab serine proteoses were reported to cleave short 
peptide more rapidly than large proteins (23), presumably be- 
cause the former substrates are more readily accessible to the 
catalytic site. 

Nucleophilic Reactivity— gpl20 hydrolysis by mAb YZ20 was 
inhibited by hapten CRA II (Fig. 6), confirming the serine 
protease-like character of the mAb. U inhibition of mAb YZ20 
cleavage of gpl20 was 90-fold more potent than inhibition of 
mAb c23.6 cleavage of VIP (JC^, 0.4 and 3B.0 /*m, respectively). 
The latter mAb was obtained by immunization with VIP 
devoid of phosphonate diester groups (3). Superior reactivity of 
the hapten CRA with mAb YZ20 is consistent with the conclu- 
sion of strengthened Ab nucleophilicity in response to immu- 
nization with phosphonate groups present in the gpl20-CRA 
immunogen. 



To confirm induction of nucleophilicity, irreversible hapten 
CRA I binding by polyclonal IgG was measured. The hapten 
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CKA docs not contain antigenic epitopes belonging to gpl20, 
and noncovalont binding interactions are not anticipated to 
contribute to its irreversible binding by Aba. IgG samples from 
all four mice immunized with III displayed superior I binding 
compared with IgG from mice immunized with control gpl20 
(mean values, 0.31 and 0.01 pmol I; p < 0.02, Student's t test, 
unpaired observations) as well as pooled, nonimmune IgG (Fig. 
6). BALB/c mice were studied in this immunization. It may be 
concluded that synthesis of nucleophilie Abs in response to 
immunization with m is not restricted to autoimmune hosts 
(mAbs to gpl20-CRA III were prepared from MRLApr mice). 

DTSCUSSTON 

The goal of this study was to strengthen the intrinsic serine 
protease-like reactivity of Abs and direct the reactivity to cleav- 
age of gpl2(X Improved irreversible binding of hapten CRA by 
Abs after immunization with gpl20-CRA III was evident, and 
the hapten CRA was a potent inhibitor of gpl20 cleavage by a 
raAb. These observations suggest adaptive improvement of Ab 
nucleophilicity induced by the phosphonate diester groups. 
Specificity of the Abs for gpl20 was obtained by traditional 
noncovalent mechanisms, i.e. recognition of gp!20 epitopes lo- 
cated in the proximity of the phosphonate diester groups. No 
cleavage of unrelated proteins by the gpl20-deaving mAb wa s 
observed, and the K m value of cleavage of a model peptide was 
200-fold greater than of gpl20 cleavage, indicating the absence 
of indiscriminate proteolysis. 

Proteolysis entails Ab attack on the backbone of gpl20 } 
whereas the phosphonate electrophiles are located in Lys side 
chains of the immunogen. Because mAbs raised to gpl20-CRA 
displayed proteolytic activity, the nucleophile developed to rec- 
ognize the side chain electrophiles must enjoy sufficient con- 
formational freedom to attack the polypeptide backbone. Move- 
ments of individual amino adds in Ab combining sites after 
binding to antigen have been reported (24, 26). Epitope map- 
ping and mutagenesis studies of certain proteolytic Aba indi- 
cate that the catalytic residues do not participatD in stabiliza- 
tion of the Ab- antigen ground state complex (26, 27), 
suggesting that the mobility of the nucleophile may not be 
restricted by initial noncovalent Ab-antigen interactions. Nat- 



urally warring mAbs to VIP (17) and gp41 (4) cleave multiple 
peptide bonds in these antigens, which may be explained by 
hypothesizing formation of alternate transition states in which 
the nucleophile is free to initiate nucleophilie attack on spa- 
tially neighboring peptide bonds (for review, see Rcf 28). Un- 
derstanding the extent of conformational freedom of Ab nucloo- 
phileft is important, because there is no viable alternative to 
locating the peptide bond mimetic in the side chains when targe 
proteins must be used to induce the synthesis of catalytic Abs. 
In addition to direct structural analysis of nucleophile move- 
ments in available catalytic Abs, the length and flexibility of 
the linker utilized to attach the phosphonate groups at Lys aide 
chains can be varied in future studies to assess the flexibility of 
the catalytic site. In the case of synthetic peptide iramunogens, 
the phosphonate groups can be incorporated within the peptide 
backbone to better mimic the intended scissile bond (7). How- 
ever, synthetic peptides often fail to assume conformations 
similar to their cognate determinants in full-length proteins, in 
which case anti-peptide Abs do not recognize the parent 
proteins. 

The fully competent catalytic machinery found in modern 
non-Ab serine proteoses has presumably evolved in response to 
selection pressures that optimized each of the rate-limiting 
steps in the catalytic cycle. In comparison, a CRA immunogen 
can at best select for Abs with the greatest covalent attack 
capability. No selection for hydrolysis of the acyl-Ab complex or 
the subsequent product release steps is anticipated, which may 
account for observations of limited Ab turnover. Two previous 
attempts to raise esterase Abs indicated the formation of irre- 
versible substrate binding by Abs (29. 30), suggesting the need 
to optimize events occurring after nucleophilie attack by the 
Abs. Furthermore, structural refinements of the immunogen 
could be implemented to help guide the Ab-autigen complex 
toward the catalytic pathway, e& inclusion of a component 
that binds a water moFecnle and facilitates hydrolysis of the 
acyl-protein complexes. Notwithstanding this weakness, the 
results reported here represent a significant advance toward 
developing antigen-specific proteolytic Abs. Previously, several 
Abs with haptenic ester-hydrolyzing activity have been raised 
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baaed on the premise that catalytic sites capable of noncovalent 
stabilization 0 f the oxyatiionic transition states can be formed 
de novo over the course of adaptive sequence diversification of 
Ab variable domains (8, 9). This approach has not been sue- 
cGssrfvl for development of proteolytic Abs. PoUack et al (31) 
describe the failure of a phosphonate monoester analog of Phe- 
Leu-Ala to induce proteolytic Ab synthesis. No attempt was 
made in this study to recruit the intrinsic properties of oatura) 
Aba for the purpose of protease synthesis, U. their nucleophi- 
hcity and selective recognition of basic residues adjacent to the 
cleavage site. Recently, phosphonate monocstere were discov- 
ered to form covalent bonds with nucleophi)es in serino pro- 
teases, but their reactivity is weaker than the diester used in 
the present stucty, and no detectable reaction occurs unless an 
adjacent positive charge is present (6, 12). 

Evidence for increased potency because of the catalytic func- 
tion has recently been published in regard to Ab antagonism of 
the biological effects of VIP, a 28-amino acid neuropeptide (32, 
33). Concerning gpl20 } a major hurdle has been to induce the 
synthesis of Abs that recognize the determinants involved in 
viral entry, i.c. the binding sites for host CD4 and chemokine 
receptors. Most Abs raised to monomer gpl20 are directed to its 
variable rogion epitopes, and the Abs do not neutralise diverse 
HrV-1 strains found in different gieographical locations (34). 
Reveraibly binding Abs must bind at or near the receptor bincU 
ing sites of &pl20 to sterjcally hinder HIV entry into host cells. 
Proteolytic Abs offer the potential advantage of gpl20 inacti- 
vation even if cleavage occurs at a site that does not itself 
participate in binding to host cells. Discussion of the immuno^ 
therapeutic potential of mAbs to gpl20-CRA m is beyond the 
scope of the present study, but initial HUM neutralization 
studies suggest that certain mAbs raised to gp!20-CKA III 
neutralise the HZV-1 primary isolate ZA009 (peripheral blood 
mononuclear cell cultures; infection was measured by deter- 
mining p24 antigen concGntratione), 2 A potential pitfall is that 
proteolytic Abs to monomer gp!20*CBA may not recognise tri- 
meric gpl20 on the surface of HIV-1, as observed for reversibfy 
binding Aba to the protein (35). The CRA immunogen tech- 
niques described in the present study are readily applicable to 
recently developed recombinant mimetics of trimeric gpl20 
(36) as well as whole HTV-1 particles. 
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Towards Covalent Vaccination 
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From the*Chemicallmmunology Research Center, Department of Pathology and Laboratory Medicine Uniwin, r>f 
^Houston Medical^ 

Cahforma Department of Public Health, Richmond, California 94804 moratory. 



Rare monoclonal antibodies {Abs) can form irreversible com- 
plexes with antigens by enzyme-likc covalent nudeophile-elec- 
trophile pairing- To determine the feasibility of applying irre- 
versible antigen inacttvation by Abs as the basis of vaccination 
against microbes, we studied the polyclonal nucleophilic Ab 
response induced by the electrophilic analog of a synthetic pep- 
tide corresponding to the principal neutralizing determinant 
(PND) of human immunodeficiency virus type-1 (HIV) gpl20 
located in the V3 domain. Abs from mice immunized with the 
PND analog containing electrophilic phosphonatcs (E-PND) 
neutralized a homologous HTV strain (MN) -50-fold more 
potently than control Abs from mice immunized with PND. The 
IgG fractions displayed binding to intact HrV particles. HIV 
complexes formed by anti^E-PND IgG dissociated noticeably 
more slowly than the complexes formed by anti-PND IgG. The 
slower dissociation kinetics are predicted to maintain long-last- 
ing blockade of host cell receptor recognition by gpl20. Pre- 
treatment of the anti-PND IgG with a haptenic electrophilic 
phosphonate compound resulted in more rapid dissociation of 
the HlV-lgG complexes, consistent with the hypothesis that 
enhanced Ab nucleophilic reactivity induced by electrophilic 
immunization imparts irreversible character to the complexes. 
These results suggest that electrophilic immunization induces a 
sufficiently robust nucleophilic Ab response to enhance the 
anti-mi crobial efficacy of candidate polypeptide vaccines. 



Antibodies (Abs) 3 that bind human immunodeficiency virus 
type 1 (HIV) with irreversible character are conceptually anal- 

*Thh work was supported by National Institutes of Health Grants, 
R01 AI0SS865, R01 AI067O20, R21 AI062455, and R21AI07 1951. The costs of 
publication of this article were defrayed In pan by the payment of page 
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3 The abbreviations used are: Ab, antibody; 8t-, blotlnomidohexanoyl; BCR, 8 
cell receptor; E-sp120, gpl20 analog containing electrophilic phospho- 
rates; E-PND, principal neutralizing determinant analog containing elec- 
trophilic phosphorates; HIV r human immunodeficiency virus; PND. prineU 
pal neutralizing determinant; TCID,^ 50% tissue culture Infective dose. 
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ogous to reagents with infinite binding affinity. Rare mono- 
clonal Abs can form unusually stable immune complexes 
expressing covalent character (1, 2). The combining site of such 
monoclonal Abs is usually intended to replicate enzyme active 
sites. Immunization with an Ab to ^lactamase, for example, Is 
reported to induce an anti- idiotypic monoclonal Ab that forms 
a covalent intermediate with a £- lactam compound that insuf- 
ficiently stable to be detected in denaturing electrophoresis gels 

(1) . Monoclonal Abs raised to an analog of HIV gp!20 contain- 
ing electrophilic phosphonate diesters (E-gpl20) form nonco- 
valent immune complexes that are subsequently converted to 
irreversible complexes by nucleophUe-electrophUe interactions 

(2) . In this example, stimulation with the electrophilic groups is 
suggested to strengthen the nucleophilic reactivity of Ab com- 
bining sites by the adaptive immunological processes that are 
also responsible for improved noncovalent binding, Le. V-(D)-1 
gene recombination, somatic hypermutation and combinato- 
rial diversification. B cell clonal selection is thought to be driven 
by binding of antigen to the B cell receptor (BCR), /.e. surface Ig 
complexed to signal transducing proteins. As irreversible bind- 
ing should permit prolonged BCR occupancy, improvement of 
the nucleophilic reactivity over the course of adaptive B cell 
differentiation is feasible. The nucleophilic reactivity is remi- 
niscent of enzymatic active sites, in which activated groups 
formed by intramolecular hydrogen bonding interactions 
acquire an ability to conduct nucleophilic attack at electron- 
deficient sites in substrates. For example, the nucleophilic reac* 
tivity of the Ser-His-Asp triad in serine proteases results in the 
formation of enzyme-substrate covalent reaction intermediates 
(3). indeed, similar nucleophiiJc triads have been identified in 
monoclonal Ab combining sites by crystallography and 
mutagenesis studies (4-6). Completion of the catalytic cycle 
following the nucJeophile-electrophile reaction requires vari- 
ous additional accessory groups Ln the active site. Conse- 
quently, some but not all nucleophilic Abs proceed to catalyze 
chemical reactions (7). 

The ability to form long-lasting immune complexes can be 
anticipated to enhance the antigen inactlvation potency of irre- 
versibly binding Abs compared with their reversibly binding 
counterparts. This leads to the hypothesis that electrophilic 
antigen analogs can serve as the basis for vaccine formulations 
capable of inducing improved protective Ab responses to 
microbial antigens compared with conventional vaccines. The 
hypothetical improvement in vaccine formulation will depend 
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on the proportion of the induced polyclonal Ab response that 
displays covalent character while maintaining the correct 
epitope specificity necessary for recognition of the native anti- 
gen structure. In previous studies using fulMength E-gpl20 as 
the immunogen, several monoclonal Abs were identified that 
formed unusually stable immune complexes with gpl20 devoid 
of exogenously introduced electrophilic groups (2). However, 
full-length E-gpl20 expresses a multitude of epitopes, and we 
were unable to relate Ab covalency and HIV neutralization 
because of the varying Ab epitope specificities. Moreover, a 
rigorous covalent ELISA protocol was employed to screen 
hybridoma supcrnatants. Consequently, there is no assurance 
that anything more than a small minority of the overall Ab 
response to E-gpl20 expresses the desired covalent character of 
the monoclonal Abs. 

The immune response following HIV infection is dominated 
by Abs to the principal neutralization determinant (PND) of 
gp!20 corresponding to residues 306-328 located in the V3 
domain ($ -10). Immunization with the synthetic PND peptide 
induces Ab responses that neutralize HIV strains with 
s sequences similar to the PND immunogen (1 .1-14). Here, we 
studied the comparative HIV neutralising and binding charac- 
teristics of polyclonal Ab preparations induced by an electro- 
philic analog of the PND peptide (E-PND) and the control PND 
peptide devoid of exogenously introduced electrophiles. We 
observed that immunization with E-PND induced Abs that 
neutralized HIV more potently and dissociated from intact HIV 
virions more slowly than control Abs from PND-immunized 
mice. These results indicate the unproved antigen inacrjvation 
potency due to Ab nucleophiiieity and suggest the utility of 
electrophilic immunization as a novel vaccination strategy. 

EXPERIMENTAL PROCEDURES 

PND Analogs— PND peptide la corresponding to gp!20 res- 
idues 306-328 of HIV strain MN (YNKRKRIH1GPGRAFYTT- 
KNIIG) and its biotinyiated analog (Bt-PND lb) were prepared 
by Fmoc-based solid phase synthesis followed by purification 
with reversed phase HPLC {la: observed mlz 2705.3; calcd mlz 
2705.2. lb: observed mlz 3043.0; calcd mlz 3044.6; Genemed 
Synthesis, South San Francisco, CA). The electrophilic phos- 
phonate analog of PND (E-PND 2a) was prepared by acylation 
of la with iV^hydroxysuccinimidyi ester of diphenyl (sub- 
eroyDamino(4-amidinophenyl)metlaanephosphonate as fol- 
lows. PND la (10 mg, 3.7 jumol) was allowed to react with the 
acylatlng agent (33 mg, 44 /umol) in dimethyl sulfoxide (6.6 ml) 
and 1O0 mM phosphate-buffered saline, pH 8 (4.0 ml) for 1 h. 
Excess acylating agent was quenched by addition of 1 m glycine 
(2 ml). 15 min thereafter, the precipitate was collected by cen- 
trifugation, washed with cold water (4 ml X 3), and subjected to 
HPLC purification (YMC-Pack OD5-AM, 4.6 X 250 mm; gra- 
dient of 10% to 80% acetonitrile in 0.05% trifluoroacctic acid/ 
water, 45 min). This yielded chromatographically pure E-PND 
2a (5.4 mg, 31%), which was characterized by electrospray ion- 
ization mass spectrometry (observed m/z t 1594.5, 1196.5, 
957.7; calcd m/z for C M5 H 3t0 N 51 O 50 P 4 , 1595.1 (3+), 1196.6 
(4+), 957.5 (5+)). Biotinyiated E-PND (Bt-E-PND 2b) was pre- 
pared from Bt-PND lb in the same manner (observed m/z, 
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1151.1. 921.3. 767,9; calcd m/z for C^^JS^O^P.S, 1 151.6 
(4+), 921,5(5+), 768.0(6+). 

Antibodies— Female MRL/lpr mice (n = 5/immunogen; Jack- 
son Laboratory, Bar Harbor, ME; 8 weeks age) were immunized 
intraperitoneal^ on days 0, 15, 29, 44, 58, and 101 with PND la 
or E-PND 2a (50 jj& for the first 4 injections and 200 ju,g for the 
last 2 injections) In RIB1 adjuvant (monophosphoryl lipid 
A-trehalose dicorynomycolate emulsion; Sigma-Aldrich). 
Blood was obtained from the retroorbital plexus over the course 
of the immunization schedule (days 0, 15, 29, 44, 58, 65, and 
111). Development of PND-reactive IgG was examined by 
ELISA using Bt-PND lb (4 ^g/ml) immobilized on streptavi- 
din-coated plates, sera diluted 1:5000 in 10 mM PBS containing 
0.025% Tween 20 and 1% bovine serum albumin, and peroxi- 
dase -conjugated goat anti-mouse IgG (Fc specific; Sigma-AI- 
drich) as secondary Ab. IgG was purified to electrophoretic 
homogeneity from serum (prepared from blood collected 10 
days after the last immunization) by affinity chromatography 
on protein-G Sepharose (GE Healthcare, Piscataway, NJ) (15). 

HIV Neutralization— Neutralization of HIV (strain MN, 
clade B) by serially diluted sera or purified IgG samples was 
determined in a "microplaque" reduction assay using ceUs of 
the MT-2 T lymphocyte cell line as hosts (16). Neutralization of 
strain ZA009 (clade C) was measured by the p24 capsid protein 
assay with human peripheral blood mononuclear cells as hosts 
(17). Concentrations yielding 50 and 80% inhibition (IC 50 and 
IC 80 ) were obtained from the least^quarc-fits to a slgmoidal 
dose-response shown in Equation 1. 

%Neutralization = TOP/(1 + 10'((bglC^X) x HillSlope)) 

C£q.1) 

HIV Binding Assays— Purified IgG (17 Mg/ml) and HIV (MN 
strain, 1,6 X 10* TCID^/ml; TCID 50 , 50% tissue culture infec- 
tive dose) were incubated in a mixture of 10 mM phosphate- 
buffered saline, pH 7.4, and RPM11640 (1:1) containing 1096 
fetal bovine serum at 4*C for 16 h. HIV-IgG complexes (and 
free IgG) were captured on Protein G-Sepharose (100 /II of 
settled gel) usingRio-Spin chroma tographycolumn5(Bio-Rad), 
and unbound HIV removed by washing with the reaction buffer 
(500 X 8). The captured complexes were eluted with 100 mM 
glycine-HQ, pH 2.7 (400 jd), HIV was lysed with Triton X-100 
(10%) and p24 in the lysates was measured with Coulter HIV-1 
p24 Antigen Assay kit Values were corrected for nonspecific 
HIV binding to the affinity gel. determined by identical proc- 
essing of control HIV treated with diluent in the absence of IgG 
(A490, 0.21 ± 0.01 )/ln competition experiments, IgG and HIV 
were incubated in the presence of excess PND peptide la (50 
u.g/ml) or an irrelevant peptide (gpl20 residues 465- 479 of 
MN strain; N.IH AIDS Research and Reference Reagent pro- 
gram), and HIV-IgG complexes were measured as above. To 
determine dissociation kinetics, HIV-IgG complexes were 
allowed to form for 16 h (IgG 50 ng/ml, HtV L6 X 10* TCID^/ 
ml), excess PND la (50 jug/ml) was added to the reaction mix- 
tures to preclude reassociation of any complexes undergoing 
dissociation. Atiquots of the reaction mixtures withdrawn 0.5, 
X 4, 8. and 14 h thereafter were immediately subjected to pro- 
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tein G chromatography and p24 assays to determine residual 
immune complexes as described above. 

JgG NudeophUie Reactivity- Bt^PND 2b (1 m m) was incu- 
bated with IgG (75 jsAg/ml) for 2 h, the reaction mixtures were 
boiled, subjected to reducing SDS-electrophorcsis, and the 
covalent adducts were detected by streptavidin-peroxidase 
staining of the blots as described previously (18). To study 
the role of IgG nucleophilic reactivity in HIV binding, the 
IgG (L4 mg/mi) was treated with the haptenic phosphonate 
3 (1 m M ; diphenyl ben2yloxycarbonylamino(4.amidinophe- 
nyl)methanephosphonate, synthesis described in ref 19) at 
room temperature for 13 h. After removing unrcacted phos- 
phonate by gel filtration (Bio-spln 6, Bio-Rad; IgG recovery 
$&%), the dissociation kinetics of the HJV-lgG complexes 
was studied as above. 

RESULTS 

Immunogenicity— The E-PND Immunogen 2a corresponds 
to the amino acid sequence of HIV gpl20 residues 306-328 
(MN strain) with 4 eiectrophilic phosphonate diester groups 
located at the side chains of Lys* 06 , Lys 310 , and Lys 32 * residues 
and the N terminus (Fig. M)» The phosphonate groups are 
structurally identical to those incorporated into fall- length 
gpl20 and other polypeptides in previous studies (7, 18, 
20-22). The resultant eiectrophilic polypeptides bind nucleo- 
phiJic sites in Abs covaJently (18, 20-22). We employed multi- 
ple phosphonate groups within a single E-PND molecule to 
increase the probability of nucleophile-electrophile pairing 
coordinated with noncovalcnt binding at the proxim ate peptide 
regions. The control immunogen PND la was the identical 
peptide structure devoid of the phosphonate groups. Successive 
immunizations of mice with E-PND 2a or PND la resulted in 
progressively increasing PND binding activity in serum IgG 
obtained over days 15 to 65 (mean ± 5.D. for 1:5000- 
diluted pooled sera using immobilized Bt-PND lb increased 
from 0.06 ± 0.10 to 0.71 ± 0.13 In 2a-immuni^ed mice and 
from 0.01 ± 0.01 to 0.42 ± 0-28 in la-immunized mice; n = 5 
mice each; preimmune mouse serum binding, 0.01 ± 0.01). 
ELISA assays using the final bleeds obtained on day 111 indi- 
cated that each of the mice had mounted an IgG response to 
PND (/l 490 values for sera from individual 2a- immunized mice 
at 1:1000 dilution, 0.79 ± 0.01, 0.47 £ 0.03, 1.48 i 0.01, 0.72 £ 
0.02, 2.59 ± 0.09). These results fndlcate that Abs to E-PND can 
recognize PND devoid of Che eiectrophilic groups. 

HIV Neutralization— Pooled sera from the mice (day 111) 
were assayed for the ability to neutralize HIV strain MN (cladc 
B, coreceptor CXCR4-dcpendent) using MTV2 host cells. Seri- 
ally diluted sera were incubated with the virus and the infectiv- 
ity was measured by the micropiaque assay (16). Dose-depend- 
ent HIV neutralization was observed, with the sera from E-PND 
2a-immuni7,ed mice displaying 44-272-fold greater neutraliz- 
ing potency, compared with sera from PND la-immunized 
mice (dilution yielding 50% neutralization, 1:787 versrts 
1:34>444; dilution yielding 80% neutralization, 1:54 venus 
1:14,692; Fig. IB). The consistency of the Ab response was con- 
firmed by assaying neutralization by sera from individual 
E-PND 2a.immunized mice and PND la-immunized mice 
(Fig. 1C; n - 5 and 4 mice, respectively). Mean % neutraliza- 
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FIGU RE 1 . HIV neutralizing activity. A, Immunogen structures. PND 1 3 Is the 
synthetic peptide corresponding gp 120 residues 306 -328 (MN strain). E-PND 
2a Is an electrophllfc analog of PND containing eUphenyl 9m!no{4-amldlno- 
phenvOmethanephosphonate groups (*> located at 3 Lys residues (Lys 308 , 
Lys , Lys" 4 ) and the N terminus. PND 1 b and E*PN0 2b, respectively, are la 
and 2a analogs with bfotfnamldohexanoy! (b) at the N terminus. B, HIV neu- 
tralization by pooled sera from mice Immunized with E-PND and PND. Serially 
diluted pooled sera in = 5 mice) obtained following hyperlmmunlzatfon with 
E-PND 2a or PND la (day 111) were assayed for HIV neutralization activity by 
the mtcroplaque assay using the dade B. CXCftt-dependent strain MN and 
MT-2 host cells (values are means ± 5.E. of 4 replicates at each concentration 
studied In parallel). Number of plaques In the absence of sera was 27.7 ± 
1.7/weIL C, HIV neutralisation by sera from Individual mice Immunized with 
E-PND 2a or PND 1a> Sera from the mice (day 111; WOO dilution) were 
assayed for HIV neutralization activity as in panels (values are means ± S.E. of 
4replkotes conducted In paraJlel). Number of plaques In the absence of sera 
was 24.8 ± 1.2/well. 

TABLE 1 

HIV neutralizing activity of antl-E-PND and antl-PND |g<5s 

Protein G-purincd LgGs were assayed for HIV neutralization activity using thoctadc 
* 4 Wrau J MN MT-2 host cells. Concentrations yielding $0% and 8096 neu- 
tralisation (IC W and !C ao ) were Opined from dose response studies (four replicates 
at each concenti-otloo), with curve fitt ing m In Ref, I ?, 

~ 52 icZ ; tc, 0 
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tion ± S.D. values at 1:800 dilution of sera from the E-PND and 
PND groups were, respectively, 92 ± IB and 25 ± 2%; p = 
0.0002, unpaired t test, two-tailed. The superior neutralizing 
Ab response in E-PND 2a immunization was confirmed using 
pooled IgG purified by affinity chromatography on protein 
G-Sepharose columns (Table I). IgG from E-PND 2r>immu- 
nized mice was 59-fold more potent than IgG from PND la-im- 
munlzed mice (IC 50 values, respectively, 2 versus 118 ^g/ml). 
Serum from E-PND or PND immunized mice at dilutions as 
low as 1:500 foiled to neutralize the clade C strain ZA009 (core- 
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F,( L U SL 2 '. Intact HIV-IgG Wndfng. A HIV binding by antl-E-PND IqG and 
antt-PND IgGJgG (17 jug/mf) and HIV {MN, 1,6 X 10 a TCID S0 /ml) wore incu- 
bated at 4 C for 16 h. Formation of HIV-IgG immune complexes wa$ meas- 
ured by capture on Immobilized protein G and p24 assays (see 'Experimental 
Procedures"). Values are means z S.D. of duplicates corrected for nonspecific 
binding, determined by Identical processing of HIV fn the absence of (gG 
(A490, 0.210 ± 0.005). S, Inhibition of HKMgG binding byPND peptide 1a. IqG 
(50 figm [and HIV (MN, t .6 x 10* TCID 5ft /ml) were Incubated In the presence 
(50 /j£/rnl) of the PWO peptide or an Irrelevant peptide control (gpi 20 465- 
47Q), and IgG-bound HIV was determined as In panel A. Values are expressed 
as percent of binding observed m the absence of la (A4900-49 £ o.02, antl- 
PND lcj<3; A490 0.47 x 0.01, antl-6-PND IgG), Shown Is a representative assay 
of three Independent assays. Residual HIV binding In the presence of la In 
these assays were * ± 4% for antl-PND IcjG {A490 in the absence of 1 a, 0.61 * 
0.09) and 12 ± 3% for onti-E-PIMD IgG (0.62 ± CM 2). 

ceptor Independent; data not shown). This is consistent with 
the highly divergent sequences of the strain MN PND peptide 
employed as immunogen and the PND expressed by strain 
ZA009 (respectively, YNKRKRIHIGPGRAFYTTKNTIG and 
NNI^^IGPG^FYATNGIIG). 

HIV Binding Characteristics— To study Ab binding to the 
native PND structure expressed on the viral surface, we used 
intact, infectious HIV particles. The virion preparation (MN 
strain) was incubated with purified IgG, the HI V- IgG com- 
plexes were captured using immobilized protein G, the com- 
plexes were eluted at acid pH and virions were lysed with a 
detergent, and p24 was measured by EUSA, As shed gpj 20 Is 
not associated with p24, the method detects Ab-HIV com- 
plexes without interference from free gpX20 shed by the virus. 
Binding of the virions by IgG preparations from E- PND 2a-im- 
munized and PND la-immunized mice was evident at levels 
greater than control IgG from preimmune mice (Fig. 2A). Near- 
complete competitive inhibition of the binding was observed in 
the presence of excess PND la but not an irrelevant HIV pep- 
tide (Fig. 2B)> indicating that virion binding by IgG Induced by 
E~PND 2a immunization is attributable to specific recognition 
of the PND region. 

To study immune complex stability, we measured the disso- 
ciation rates of the HIV-IgG complexes. After the complexes 
had been formed, excess PND la (18.5 fiM) was added to the 
reaction mixtures to preclude reassociation of HIV that had 
undergone dissociation! and the residual complexes were 
measured periodically by the p24 assay. Dissociation of HIV 
complexed to IgG induced by immunization with PND la 
occurred rapidly and proceeded at a rate consistent with the 
first-order dissociation ecjuation (half-life* PA, 10.6 min; r* 
0.985; Fig. 3). Dissociation of anti-E-PND IgG complexes was 
substantially slower and suggested two subpopulations of com- 



O) 

c 
c 

X 

2 

"35 



120 -, 

100 
80 
60- 
40- 
20 
0 J 



Covalent Vaccination 



Anti-E-PND IgG 
o- Anti-PND IgG 




— ? — 
10 



15 



Time of incubation, h 



FIGURE 3. Dissociation of HlV-lgC complexes. Immune complexes were 
iTl 6 ?^™^'^? ant, i- pN D antl-F>ND IgG (50 jig/mf) with HIV (MN, 
U ix 10^ TCD^/ml) for 1 3 h. PND peptide la (so ^/ml) was added (t ^ 0), 
and allcjuots of the mixtures withdrawn at the Indicated time points were 
processed for measurement of residual HIV-IgG complexes as In Flo. Z Values 
are expressed as percent of binding at t 0 {1 00% A A90 values for aml-E-PND 
and antl-PND IgGs, respectively; 0.56 ft 0.0 T and 0,37 ± 0.03; corrected for 
nonspecific binding determined using HIV-IgG mixtures In which 50 ug/ml 
PND peptide was present before Initiating immune complex formation; val- 
ues of nonspecific binding with antME-PND and antl-PND IgGs, respectively- 
0.15 a: 0.01 and 0. \ 6 £ 0.02). Shown Is one of two Independent assays (nom- 
inal rV* values of HIV complexes formed by ontl-PND and antl-E-PND IgGs In 
the assay not shown here were } 2 mln and 2.1 h, respectively). 

plcxes, a subpopuJation that dissociated slowly over 8 h (—70% 
of initial complexes; nominal t l A assuming first order kinetics 
and complete dissociation over 8 h, 2.5 h, r* 0.971) and another 
subpopulation that did not dissociate detectably between 8 and 
14 h (-30% of initial complexes). 

Ab Nucleophilic Reactivity— The strongly electrophilic pho*- 
phonate in probe E-PND 2b (Fig. L4) is known to form stable 
covalent bonds with Ab nucteophiles (7, 18, 20-22). In addi- 
tion, this probe contains the PND peptide regions available for 
noncovatent Ab binding. As a test of antigen-specific nucleo- 
philic reactivity, we measured the formation of covalent 
adducts of IgG and Bt-E-PND 2b. Boiled reaction mixtures of 
the IgG and E-PND 2b were analyzed by reducing SDS-electro- 
phoresis and densitometry. Adducts of 2b formed by the IgG 
heavy and light chains from E-PND-immunizcd mice accumu- 
lated more rapidly than the adducts from control PND- immu- 
nized mice or control non-immune IgG (Fig. 4A, 60 kDa heavy 
chain adduct intensities in arbitrary volume units from 2a~im- 
munized mice, la-immunized mice and preimmune mice, 
respectively. 3881, 830, and 11 J; 30-kDa light chain adduct 
intensities, respectively, 1869, <12> and < 12). In previous stud- 
ies, we employed the small molecule phosphorate 3 (Fig. 45) as 
a probe for nucleophilic reactivity of Abs independent of non* 
covalent binding forces responsible for specific recognition of 
polypeptide antigens (18, 19, 21, 23). According to our split-site 
model deduced from mutagenesis studies (5, 24, 25), distinct 
sites in antigen- specific Abs are responsible for the nucleophilic 
and noncovalent binding activities. Following treatment with 
excess phosphonate 3 and removal of the un reacted phospho- 
nate 3, IgG from E-PND immunized mice retained the ability to 
bind HIV. However, the dissociation of HIV complexes formed 
by phosphonate 3-treated anti-E-PND IgG was accelerated 
compared with the control IgG treated with diluent, and unlike 
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FIGURE 4, IgG nudeophflic reactivity. A, formation of IgG adducts with 
e-PND 2b. The antHE-PND IgG, antl-PND fgG, and prelmmune IgG (75 ito/m!) 
were incubated wfth F.-PND 2b (1 fJ M) for 2 h. subjected to reducing SOS- 
electrophoresb and the covalent adduets were detected by streptavldln-per- 
oxictese staining of blots, 0, dissociation of HIV complexes formed by hapten 
3-trcoted f$G. Antl-E-PND IgG (14 mg/ml) was Incubated fn the presence of 
diluent or hapten phosphonate 3 0 rrtM; structure In inset) for j$ h, and unre- 
ached 3 was removed by gel filtration. Immune complexes were formed by 
incubating 3-tn?ated antf-E-PND IgG or control diluent-treated antl-E-PND 
IcjG (50 fxg/m\) wHh HIV (MN, 1.6 X 10* TCIO^ml) for 13 h. Dissociation of 
HIV-IgG complexes (means £ S.D., three replicates at each time point) were 
monitored periodically as In Fig. 3. Values are corrected for nonspecific bind- 
ing and are expressed as percent of binding at t = 0 (100% values for 
3-treated IgG and diluent-treated control IgG, respectively: 0.73 ± 0.06 and 
0.86 ± 0.03). C, likely mechanism for stabilization of Immune complexes. The 
Irreversible binding character of the immune complexes may be due to accu- 
mulation of the resonant tetrahedral complex (IC>. In enzymes, such com- 
plexes proceed to form trigonal acyl-enzyme covalent Intermediates with 
release of the C-terminal antigen fragment. NuH, nucleophile; Ag, and Ag 2 
denote flanking regions of the antigen responsible for noncovalent binding. 

the control HIV-IgG complexes, the dissociatfon of HIV com- 
plexes formed by phosphonate 3-treated IgG proceeded to 
near-completion withm 1 h (Fig. These results suggest that 
nucleophilic sites in IgG from the E-PND-immunized mice are 
responsible for the enhanced stability of the immune com- 
plexes and superior HIV neutralization. 

DISCUSSION 

An effective vaccine against diverse HIV strains found In dif- 
ferent geographical regions and escape mutants that emerge in 
the course of infection remains elusive. The anti-viral efficacy 
of various Abs directed to the neutralizing epitopes of the HIV 
envelope depends largely on their first order dissociation rate 
constants (k^tf M — in 2M off ) and concentrations in biological 
fluids. The Ab- virus association rate constant {k on ) also con- 
tributes to the observed binding affinity (K a = k on /k ofr ), but 
different Abs to a given viral epitope usually display comparable 
k on values, as this constant is controlled mainly by the rate of 
diffusion and the orientation of collisions between the reac- 
tants. A previous study has highlighted the correlation between 
the HIV neutralizing potency and dissociation rate constants of 
monoclonal Abs to the PND, the epitope targeted in the present 



study (26). Wc reported chat rare monoclonal Abs raised to an 
electrophilic analog of full-length gpl20 neutralised HIV and 
formed unusually stable immune complexes with gpl20 devoid 
of exogenous electrophlles (2). The stability of the immune 
complexes was attributable to the adaptively strengthened 
nucleophilic groups in the Abs induced by electrophilic immu- 
nkation. The nucleophilic groups are hypothesized to lend 
covalent character to the complexes by pairing with natural 
electrophilic groups in B pl20. Regrettably, polyclonal IgG from 
the mice immunized with full-length E-gpl20 failed to neutral 
ize HIV at levels superior to IgG from non^mmunized mice* 
presumably because the overall polyclonal immune response is 
dominated by Abs to irrelevant epitopes and Abs with sufficient 
nucleophilic reactivity to the neutralizing epitope were present 
only at low concentrations. 

In the present study, a weli characterized synthetic analog of 
the peptide corresponding to the principal neutralizing deter- 
minant of HIV strain MN was studied as immunogen (ErPND). 
Four electrophilic phosphonates were incorporated within the 
23 residues peptide analog to maxf mize the opportunity of B 
cell adaptive differentiation in response to electrophilic stimu- 
lation. Polyclonal Ab preparations obtained following E-PNl> 
immunization formed complexes with intact HIV virions. The 
complexes were poorly dissociable or not at all dissociable, The 
polyclonal anti-E-PND IgG neutralized HIV -SOvfold more 
potently than control Abs to PND devoid of phosphonate elec- 
trophilic groups. This is consistent with the prediction that 
slower dissociation of the HIV-IgG complexes should prolong 
the duration over which the Ab-complexed virus exists in non- 
infectious form. Biochemical analysis confirmed the enhanced 
nucleophilic reactivity of the antl-E-PND Abs and the impor- 
tance of the nucleophilic reactivity In prolonging immune com- 
plex longevity. It may be concluded that the nucleophilic Abs 
responsible for forming stable immune complexes arc present 
fn the polyclonal IgG mixtures at concentrations sufficient to 
achieve functionally useful viral inactivation. 

Concerning epitope specificity, the PND (residues 306 -328) 
is located in the highly mutable V3 region of gp!20 (1.2). Con- 
sistent with the neutralization results for strains MN and 
ZA009 in the present study, Abs to the V3 region display type- 
specific neutralizing activity, that is, they neutralize the infect- 
ing HIV strain, but V3 sequence mutants resistant to infection 
emerge following infection (11-14). The mechanism of neu- 
tralization by ami- PND Abs is thought to involve sterlcally hin- 
dered recognition of gpt20 by HIV coreceptors CCR5 and 
CXCR4 expressed by host cells (27-29). In particular, residues 
Pro 316 -Arg* 18 are reported to be important for CCR5 binding 
(30 -32). Attempts to induce broadly neutralizing Abs that rec- 
ognize diverse HIV strains using mixtures of synthetic peptides 
with varying V3 sequences have been reported (e.g. Refs. 33, 34). 
However, V3 sequence diversity is so great that a large library of 
immunogenic peptides is necessary to justify hopes of inducing 
a broadly neutralizing Ab response. For example, the 201 
known clade B virus strains available in the Los Alamos data 
base contain 179 distinct PND sequences. Monoclonal Abs that 
recognize the more conserved Gly-Pro-Gly-Arg sequence 
within the PND are reported to neutralize various HIV strains 
comparatively broadly (35, 36). To the extent that inducing a 
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broadly neutralizing Ab response to the PND or regions within 
the PND is feasible by these means, our results suggest that 
inclusion of electrophilic groups in the immunogenic peptide 
(or combination of peptides) will be helpful to increase the 
potency of neutralization. \n principle, the electrophilic immu^ 
nidation strategy Is applicable to targeting of any peptide 
epitope. gpl20 also contains important neutralizing epitopes 
outside the PND, eg. the conserved regions that participate in 
binding to host cell CD4 receptors (37). However, these 
epitopes are generally poorly immunogenic and they are conv 
posed of peptide regions distant in the linear sequence of the 
protein (conformational epitopes). No linear gp!20 peptide or 
mimetic is available presently that reproducibly induces the 
synthesis of broadly neutralizing Abs to the diverse HIV strains 
responsible for the pandemic. 

The following empirical and theoretical points are relevant in 
assessing the potential generality of the electrophilic immuni- 
zation approach: (a) Electrophilic phosphonates were originally 
developed as covalent inhibitors of the catalytic sites of serine 
proteases (38). Haptenic phosphonates react covalently with all 
Ab preparations examined thus far, including monoclonal Abs, 
single chain Fv constructs (V L and V w domains tethered by a 
linker) (18, 19, 23) andlgs contained in BCRs (39). This suggests 
that the nucleophilic reactivity is ubiquitously distributed in Ab 
combining sites regardless of noncovalent binding specificity. 
(b) Noncovalent epitope recognition is reported to accelerate 
the covalcnt reaction of electrophilic phosphonate groups 
incorporated into several polypeptide with various polyclonal 
and monoclonal Abs specific for these polypeptides (18, 
20 -22). It appears, therefore, that the noncovalent and nucleo- 
phllic Ab subsites are within sufficient proximity to express 
their functions in a coordinated manner, (c) Only a small subset 
of nucleophilic Abs displays the ability to hydrolyze peptide 
bonds (7). This may be understood from the requirement for 
additional rate-limiting events for completing the catalytic 
cycle following the initial nucleophilic attack step, l<l water 
attack and product release, We did not detect PND hydrolysis 
IgG from E-PND immunized mice* Importantly, the electro- 
philic phosphonate is predicted to fovor adaptive strengthening 
of Ab nucleophilicity, but the immunogen lacks structural ele- 
ments that can induce the synthesis of Abs capable of complet- 
ing the catalytic cycle; and (d) Observations using noncatalytic 
monoclonal Abs raised to full-length E-gpl20 suggest the fea- 
sibility of immune complex stabilization by resonant nucleo- 
phile-electrophile pairing at the naturally occurring electro- 
philic reaction centers in the polypeptide antigen, the 
carbonyl groups of backbone peptide bonds or side chain amide 
bonds in structure IC, Fig. 4C (2). Such interactions are 
hypothesized to impart partial covalent character to the com- 
plexes and impede their dissociation. Similar structures are 
thought to exist in the transition state of enzymatic reactions 
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(3). To our knowledge there is no theoretical bar to stabilization 
of ground state protein-protein complexes by this mechanism. 
B cell clonal selection processes favor increased BCR occu- 
pancy by the antigen, Covalent binding of clectrophUlc phos- 
phonates due to improved BCR nucleophilic reactivity is pre- 
dieted to be an immunological selectable event, and the 
desirable consequence of the improved nucleophilicity is the 
ability to bind the target polypeptide antigen with covalent 
character. 

In summary, our studies using the model E-PND immuno- 
gen indicate that electrophilic immunization induces a robust 
polyclonal nucleophilic Ab response with improved viraj bind- 
ing and inactivation potency. Concerning HIV vaccine develop- 
ment, the caveat remains mat PND sequence divergences may 
limit the functional efficacy of E-PND immunization. However, 
the E-PND studies validate electrophilic immunization as a poten- 
tially general approach that can be applied to Induce adaptive Ab 
responses capable of binding microbial antigens with irreversible 
character and help improve vaccine efficacy. 



4 Incubation of PND 1a (0.1 mM) in the presence of JgG 0 /tiM)from hyperim- 
mune mice for 3 h old not result In detectable product accumulation at 
levels cjreaterthan background In control Incubations conducted using an 
equivalent concentration of prelmmune IgG determined by reversed- 
phase HPLC with an efectrospray mass detector (VyOoc C18 MASS SPEC 
column, Z1 x 150 mm; 3-60% acotonltrile in 0.1 % formic acid and water 
retention time of Intact PND 1a, 14.3 mln). 
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Deposition of beta-amyloid (Aft) is considered as an important early event in the pathoge- 
nesis of Alzheimer's Disease (AD), and reduction of Aft levels by various therapeutic 
approaches is actively being pursued. A potentially non-inflammatory approach to facilitate 
clearance and reduce toxicity is to hydrolyze Aft at its a-secretase site. We have previously 
identified a light chain fragment, mklH, with <t-secrctasc-likc catalytic activity, producing 
the 1-16 and 17-40 amino acid fragments of Aft40 as primary products, although hydrolysis 
is also observed following otlier lysine and arginine residues. To improve the specific activ- 
ity of the recombinant antibody by affinity maturation* we constructed a single chain vari- 
able fragment (scFv) library containing a randomized CDR3 heavy chain region. A 
biotinylated covalently reactive analog mimicking a-secretase site cleavage was synthesized, 
immobilized on sireptavidin beads, and used to select yeast surface expressed scFvs with 
increased specificity for Aft. After two rounds of selection against the analog, yeast cells 
were individually screened for proteolytic activity towards an internally quenched fluaw* 
genie substrate that contains the u-sccretase site of Aft. From 750 clones screened, the two 
clones with ihe highest increase in proteolytic activity compared to the parent mklS were 
selected for further study. Kinetic analyses using purified soluble scFvs showed a and C> 
fold increase in catalytic activity (Tc wr /K^ toward the synthetic Aft st&strate compared to 
the original scFv primarily due to an expected decrease in K M rather than an increase in 
V^ t . This affinity maturation strategy can be used to select for scFvs with increased catalytic 
specificity for Aft. These proteolytic scFvs have potential therapeutic applications for AD by 
decreasing soluble Aft levels in vivo. © 2009 American Institute of Chemical Engineers, Bio- 
technoi Prog., 25: 1054-1063, 2009 

Keywords: proteolytic antibody, beta-amyloid, alpho-sccretase, single chain antibody, 
affinity maturation 



Introduction 

Alzheimer's disease (AD) is a progressive neurodegenera- 
tive disorder that affects 5 million adult? over the age of65. 1 
Memory loss and dementia associated with AD seem lo be 
caused by the accumulation of beta umyloid (Aft) in regions 
of the brain associated with memory and cognition, 2 Clear- 
ance oF Aft by active immunization in humon clinical trials 
was shown lo reduce cognitive decline and decrease neuronal 
toss/ Although the clinical trials had to be stopped due to the 
occurrence of meningioencephalitis in 6% of the patients/ 
the promising results obtained suggest that clearance of Aft 
by an alternative approach that does not generate an inflam- 
matory response could be a viable therapeutic option. 



Correspondence concerning thJs article should be addressed to 
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Several proteases have been identified that can cleave Aft 
at single or multiple sites including two metal loprotea^es, 
neprilysin (NEP) and insulin degrading enzyme (IDE), as 
well as trypsin and chymorrypsin/ The cleavage products of 
TDE and NEP show reduced aggregation and neurotoxicity 
compared to full length Aft, suggesting that these enzymes 
may help regulate Aft levels in vjvo. ft Both NEP and IDE 
have been found in close proximity to Aft plaques in post 
mortem brain. The subsequent reduction in Aft clearance can 
lead to accumulation and toxic aggregation of Aft in AD 
patients. 7 Although supplementing IDE or NEP activity has 
been proposed as a potential therapeutic mechanism for 
f treating AD,* these proteases have other preferred substrates 
and can cleave a variety of proteins with diverse sequences.^ 
Hence, their value as therapeutic agents to specifically target 
and cJeave Aft may be limited. 

© 2009 American Inctliuto of Chemical Engineers 
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Table 1. Oligonucleolide Primers Used for PGR 
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Primor 



Sequence 



mkNcwF 

nikNewR 

mkYDF 
mkYDft 
mkCDR.lFl 

PPNL6F 

mkCDFURI 

PPNL6R 

pPNL9F 

pPNL9R 



5' GAT GCT CCA CCA GGC CGC CGC CGC TCA CCC GGC GGC GCC TCA 
GGC GGC GGC GGC TCA GGA TCC GAG TCT GGG GGA 3' 

5' TCC CCC AGA CTC GGA TCC TGA GCC GCC CCC GCC TCA CCC GCC 
GCC OCC TGA GCC GCC GCC GCC TGG TGC AGC ATC 3' . 

5' TCT GCT AGC GAT GTT TTG ATU 3' 

5' TAG A AT TCC GGA TOC AGA GAC AGT GAC 3' 

5' GCC TTG TAT TTC TCT GGA AGA NNK NNK NNK NNK NNK NNK TGG 

GGC CAA GGG .V 
5' GTACGACCTAAAAGTACAOTC 3' 
5' CTTCCACAGAAATACAAOOC 3' 
,V TAGATACCCATACGACGTTC 3' 

.V OACGTTCCAC ACT ACOCTCO TGCTGGTGGT TCTGCTA 3' 
5' GGGTTAGGGA TAGGCTTACC CTGTTGTTCT AGAA1TCCG 3' 



PuTpOSC 



N corresponds to nucleotides A, T, C, or C; K to G or T. 



Modify the linker imd introduce BamHl 
sift! between the V L and V H regions 



Replace restriction site for yeast 

transformation 
Generate random CDR3 region in short 
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An alternative approach to clear Afi is to supplement its a- 
secrctasc cleavage using proteolytic single chain variable 
• fragments (scFvs), We showed that a recombinant antibody 
light chain. mkl8 > originally raised by im munition against 
vasoactive intestinal polypeptide (VIP). 10 has ar-secrelasc like 
proteolytic activity against A/7. 11 The primary products of this 
cleavage are the I -1 6 and 17-40 amino acid fragments, 
although fragments corresponding to hydrolysis at other ly- 
sine (position 28) and nrgininc (position 5) residues could 
. also be identified. An scFv version of the mkl8 light chain, 
c23.5, was constructed where the catalytic residues are con- 
tained in the light chain variable region (VjJ, and additional 
substrate specificity toward VIP arc contained in the heavy 
chain variable region (V rt ). 12 Because the heavy chain of 
c23.5 was selected based on binding to VJP, we expect that 
the catalytic activity of the c23.5 scFv toward Ap will be 
lower than the original mkl8 light chain. Because the original 
mkl8 light chain has a wide range of specificities, it is not a 
suitable therapeutic agent; therefore, we selected tfic C23.5 
scFv as a starting point from which to develop a proteolytic 
antibody with greater specificity for Ap. 

Protein stability is u critical component of an effective ther- 
apeutic. 13 and since the linker used in the original c23.5 scFv 
construct (-G-S-T-S-G-S-G-K-S-S-E-G-K-G-) is susceptible 
to proteolysis by subtilisin (hydro lytic site in bold), we 
replaced the linker with the more commonly used (GGGGS)* 
linker to provide greater stability and flexibility.' 4 After 
Changing the linker, we focused on increasing the specificity 
of the scFv,by targeting the heavy chain domain. Randomiz- 
ing the CDR3 of the V H domain is an effective method to 
increase antigen binding diversity and allows for an efficient 
selection of antibodies w itii high affinities to the desired ami- 
gen because of their variations in both length and shape.** 
We therefore constructed a second generation yeast surface 
display library of the modified c23.5 scFv by introducing nuv 
dom mutations in the CDR3 region of the heavy chain. 

Although numerous surface display methods arc available 
for selecting individual clones from various libraries* includ- 
ing phage, bacterial, and yeast, yeast surface display is 
increasingly used to isolate engineered antibodies with 
higher specificity by affinity maturation.' 6 The scFv is fused 
to the yeast surface agglutinin protein, enabling display of 
the scFv on the surface of the yeast. 17 Since yeast display 
selections are performed in solution, antigen concentrations 
can be precisely controlled and the ability to use very low 
antigen concentrations enables selection of high affinity 
clone*. 18 Further, magnetic bead enrichment of the surface 



displayed library allows for a quantitative screening for 
clones with higher affinity. 19 . 

A difficulty in affinity maturation of proteins with 
improved catalytic efficiency is that the panning protocols 
typically screen for better binding but not better activity. 
Several novel approaches have been developed to circumvent 
this problem. 20 Transition state analogs (TSAs) that closely 
mimic high energy transition state intermediates can be 
designed for affinity maturation studies to generate antibod- 
ies that recognize the transient transition state thereby lower- 
ing the activation energy. 21 Irreversible inhibitors of 
conventional serine proteases, or covalently reactive analogs 
(CRA) ? where the lysine residue targeted by the serine prote- 
ase is replaced with a hapten phosphonatc, have been uti- 
lized to generate antibodies with improved nuclcophilicity.** 
CRAs have been shown to enhance serine protease-like 
nuclcophilic activity of antibodies targeted against the HIV-] 
coax protein gp!20. 23 IgV L domains that hydrolyze A/? with 
catalytic efficiencies that arc 3-4 times higher than polyclo- 
nal Ig preparations have been identified using such CRAs. 24 
Here we perform affinity maturation of the yeast displayed 
c23.5 based scFv library using CRA where the hapten phos- 
phonatc replaces the lysine at the a-secretase site of A p. 

The yeast display library was affinity matured by two 
rounds of panning using magnetic bead enrichment. Two 
clones having the greatest increase in proteolytic activity 
towards a synthetic fluorogcnic a-secretase substrate from a 
total of 750 screened clones were selected for further study. 
Kinetic analyses indicate 5.6- and 2.8-fold increases in the 
second order rate constant, or specificity constant (k^i/K^, 
of The two selected clones towards the oc-secrctase substrate 
uom pored Ve» (-he original aclTr. 

Materials and Methods 

Materials 

Components used for yeast surface display, including 
EBY100 and YVH10 competent cells and pPNL6 and 
pPNL9 plasmid vectors, were obtained from Pacific National 
Laboratories, San Diego, CA, PCR amplification primers 
listed in Table 1 were synthesized by Integrated DNA Tech- 
nologies, TA. All PCR experiments were performed using 
PlOlinunV* Pfx DNA Polymerase, Invitrogen, CA. The biotin- 
ylated CRA corresponding to residues 6-15 of Aft was syn- 
thesized by the Protein Analysis and Synthesis Lab at 
Arizona State University. Anti-biotin-coated magnetic beads, 
strcplavidin-coaied magnetic beads, and MACS separation 
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Figure 1. Schematic showing the major steps In construction and panning of the yeast displayed scFv library. 

pPNL6F 



CDR3Rl(20bp) 



pPNL6R 



pPNLSR 



-800bp 



(NMK), 

♦ 9-12bp 15-2tbp 
I CDR3F1(51bp) 

* Overlapping region 

~200bp 

PPNL6F 
Overlap Extension PGR 



CDR3 motattd region 

Figure 2. Introduction or random mutations in the CDR3 region of the heavy chain by overlap PCR. PGR amplification with pPNU5R 
and CDR3R1 generates the 800 bp fragment, whereas amplification with CDR3FI and pPNL6F generates the shorter 200 
bp fragment containing the (NNK)* CDR3 mutation. Overlap PCR Tallowed by addition of end primers pPNLCT* and 
pPNLo"R generates the lull length scFv* 



columns were purchased from Miltcnyi Biotcc. Anii-myc-tag 
and goat-anti-mouse IgG (HRP conjugated) antibodies were 
purchased from Santa Cruz Biotechnology, 3.3'-Dtaminobcn- 
zidine (DAB) substrate system was purchased fit>m Sigma- 
Aldrich. Restriction enzymes and buffers were purchased 
from New England Biolabs. 

A schematic depicting the strategy utilized to produce and 
screen the yeast displayed antibody library is shown in Figure 1. 

Construction ofASec-J 

Overlapping PCR using the forward and reverse primers 
mkNcwF and mkNewR {Table I) was performed to replace 



the linker of the original c23.5 scFv with the more com- 
monly utilized (OOGGS)? linker. A BamHl restriction endo- 
nuclcase site was also introduced into the heavy chain to 
simplify future cloning operations. 

Briefly the light chain fragment (V, ) was amplified from the 
original pCANTABSE vector, using pC ANT AB Si forward 
and mkNewR reverse primers (Figure 2, Table 1 ), The heavy 
chain region (V„) was amplifiecf from c23.5 scFv by PCR 
using the mkNcwF forward and $5 reverse primers (Table 1 ). 

The V H and V L fragments, which have overlapping regions 
corresponding to the linker and BamHl site, were combined 
by overlapping PCR (Figure 2) as described. 23 After five 
cycles of PCR with just the overlapping fragments, the outer 
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primers SI and S5 were added, and a further 30 cycles of PGR 
were performed to amplify the overlapping product. The over- 
lapping PgR product was ligatcd into the pGEMT plasmid 
using the pCEMT easy vector system (Promcga Corp., WI) 
and the DNA .sequence of the product was obtained to verify 
proper construction. The new scFv containing the (GGGGS)j 
linker in place of the original tinker is termed AScc-J. 

Library construction and yeast transformation 

The CDR and FR regions of the ASec-f scFv were deter- 
mined by Kabnt sequence alignment. After replacing the flank- 
ing SfiJ and Notl sites with Nhel and EcoRI sties, 
respectively, mkCDR3FI primer was utilized to introduce ran- 
dom mutations in ihe CDR3 region of the scFv (Table 1) by 
replacing the original 4 amino acids in the CDR 3 region 
(GTAY) with a scries of 6 NNK repeats. The primer was 51 
base pairs (bp) long, and contained a 15—21 nucleotide anchor 
sequence flanking the (NNK) 6 mutation (Tabic 1). Using NNK 
degenerate codons, where N is A, T, C, or G and Ft U G or T 
reduces the chance of inuxxtucing a stop codon and increases 
library diversity. 26 The reverse primer (mkCDR3JR 1 ) was 20 bp 
long and had a short region of complementarity with the for- 
ward primer to promote hybridization of the fragments by over- 
lap extension PCR (Figure 1) to reconstruct the full length scFv 
containing the CDR3 mutation. 

The PCR amplicon of AScc-1 scFv containing the 
randomized V H CDR3 region w$a subcloned into the surface 
display vector pPNL6 by gap repair. 27 The gap was gener- 
ated by digesting the pPNL6 plasmid with Nhel and Nott 
restriction enzyme* (NEB, MA). Co- transformation into 
EBY100 yeast competent cells was accomplished by lithium 
acetate method using the Ycasmiaker yeast transformation 
system (Clontcch Laboratories, CA). 28 The pPNL<5 pia^mid 
without the insert and EBYJ00 celts alone were used as con* 
trols. The AScc-1 PCR amplicon without the CDR3 mutation 
was co- transformed with pPNL6 surface display vector into 
EBY100 cells to serve as controls for ail the subsequent pan- 
ning and screening experiments. 

Selection of clones containing the gap repaired plasmid 
was performed on synthetic dextrose plus casein amino acids 
(5DCAA)— agar plates lacking tryptophan, which were 
grown at room temperature. 29 

Syntlujsis ofcovalentfy reactive analog 

To select for clones with increased specificity for the A/?, 
we utilized a CRA containing a phosphonate diester linked to 
the A/? sequence N-Terminal to the a-sccrctasc site. The inac- 
tive analog intermediate, diphenyt (AJ-(bcnzyioxycarbonyl) 
aminol(4-amidinophenyl)methancphosphonate, was gener- 
ously provided by Dr Sudhir Paul (University of Texas, Hous- 
ton Health Science Center). The analog was activated to 
diphenyl amino(4-amidinophcnyl)mcthanephosphonatc by dis- 
solving 0.15 mg in 5 mL HBr for 2 h followed by precipitation 
with diethyl ether. Activated compound was dried under vac- 
uum, purified by HPLC and stored at -2CTC 30 The A/3 6-15 
peptide was synthesized on PAL-PEG-poJysryrcne resin using 
standard Fmoc procedures and biotinylated at its N terminus. 
The C-terminal carboxyj group of the protected peptide was 
activated in the presence of the phosphonate diester causing on 
amide bond formation between the carboxyj group and the 
free amino group of the TSA. The de-protected peptide was 
purified by HPLC and verified by mass spectrometry (MS). 
The resulting protein was 95% pure with some contamination 
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with non-biotinylated peptide. The hapten phosphonate diester 
mimicking the LyslG a-secretasc cleavage site is covalently 
linked to the C-ccmiinus of the biotinylated A0 peptide and 
serves as a CRA for screening a-secretase activity, 

Affinity maturation using covalently reactive analogs 

Affinity maturation of the yeast library was performed by 
magnetic bead enrichment using the CRA. 10 Starting cultures 
of 10 yeast cells were rinsed with wash buffer {50 mL ice- 
cold PBS, pH 7.4 containing 2 mM EDTA, 0.5% BSA), co- 
incubated with I M M of the CRA For I h ai room tempera- 
ture with gentle mixing, chilled on ice, rinsed with 50 mL 
wash buffer, and resuspended in 2 mL of Ihe same buffer. 
Enrichment with magnetic beads was performed using a Mil- 
tenyi LS column with either streptavidin or anti-biotin coated 
microbeads (Miltenyi JBiotec, Auburn, CA). 29 The process of 
loading the column with cells, removing the column briefly 
from the magnet to re-arrange the iron particles, and rinsing 
with wash buffer was continued until the entire sample was 
loaded on to the column. The column was then washed three 
times with wash buffer, the yeast, were cluted with 5 m,L 
SDCAA selection media and grown for 3 Ii to separate the 
cells from the cell-bead complex, and plated onto SDCAA 
agar plates to obtain single colonics for screening studies. 

Yeast library screening 

The internally quenched fhiorogenic substrate [Ac-Arg- 
Giu(EDANS)-VaI.His-His-Gln-Lys-Lcu-VaUPhe-Lys(DABC 
YL)-Arg-OHl (Calbiochem. CA) was used to screen for a-sec* 
rctase activity by monitoring the increase in fluorescence result- 
ing from hydrolysis of the peptide at excitation max 355 and 
emission max 4R0. 31 The substrate was dissolved in DMSO lo a 
stock concentration of 5 mM, Before use. It was diluted to a 
final concentration of 5 /jM in HEPES buffer pH 7.4. 

Colonics selected from the SDCAA plate after magnetic 
bead enrichment were grown for 24 h at 30T with shaking in 
96 well plates followed by induction in SGRCAA induction 
media (same as SDCAA excepi glucose was replaced with 20 
g/L of galactose) at 25"C overnight. A 150 ^L aliquot of 5 
fiM <x-sccretase substrate (HEPES buffer pH 7.4) was added 
to each well and incubated for 30 min at 37°C. After spinning 
down the cells, the supernatant was removed and added to 
opaque bottom 96 well assay plates (NUNC. NY) and the flu- 
orescence was measured at an excitation 355 nm and emission 
480 nm. Fluorescence was expressed as the percentage of flu- 
orescence compared lo the value obtained with the parent 
clone AScc-l. A clone displaying a random scFv which does 
not resemble the Asec- 1 was used as a negative control. ' 

The proteolytic activity of selected clones was also deter- 
mined using a second substrate, 50 /iM N-a-carbobenzoxy-L- 
lysinc p-nitrophenyl ester (Z-Lys-ONp, Sigma Afdrich, MO) 
in HEPES buffer pH 7.4. Hydrolysis of the substrate by the 
surface displayed scFvs was analyzed by incubating at 37°C 
for 15 min and monitoring ONp release at 405 nm. The 
sequence integrity of clones with increased a-secretase activ- 
ity compared to the parent ASec-l scFv were verified by 
DNA sequencing. 

Secretion and purification of soluble scFvs 

To obtain purified soluble scFv, the scFv genes were 
removed from the yeast surface expression vector, pPNLtf, and 
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inserted into the yeast expression vector, pPNL9, by gap repair 
after co-transformation into YVHlO yeast competent cells.'" 

For Large scale expression, 32 overnight cultures of the 
clones in 10 mL SDCAA plus Trp growth media was used 
to inoculate 200 mL Of the same media containing 100 U/ 
mL penicillin G, 200 U/mL streptomycin and grown for 16 
h at 30°C with shaking at 250 rpm. The cells were harvested 
and resuspended in 500 mL Yeast extract/peptone/galactosc/ 
raffinose containing 2% galactose and 2% raffinosc induction 
medium (YBFGR) and induced for 48-72 h at 25°C with 
shaking, After centri Filiation, to remove cells, the supema- 
tant was concentrated to a final volume of 50 mL using a 
Pcllicon tangential flow system with 10 kDa cut off filter 
and dialyrxd against PBS. The 6xHis tagged scFv were puri- 
fied by mixing with 1 mL Nickel NTA sephnrosc beads 
(Qiagcn, CA) for 2 h, followed by eluiion with an imidazole 
gradient. Fractions containing scFv antibodies were pooled 
and dtalyzcd into I x PBS. Protein expression and purity 
was Checked with SDS-PAGE and western blotting. A BCA 
protein assay was used to determine scFv concentration. 

Preparation of Aft 

A/240 was synthesized in the Protcornics and Protein 
Chemistry Laboratory at Arizona State University, purified 
by HPLC, lyophilized, and stored as its Tnfluoroacetate salt 
A/MO at -20°C. Samples were prepared as previously 
described. 33 Briefly, A/?40 was solubilized in 1,1,1,3,3,3-hex- 
aJluoro-2-propanol (HFIP) at a concentration of l mg/mL to 
avoid aggregates. Aliquots of 250 yL were air dried and 
Stored at -20 W C. Before use, the aliquots were rc-suspended 
in dimcthyl-suifoxidc (DMSO) and diluted to finai concen- 
tration in lx phosphate buffered saline (PBS), pH 7,4. - 

Analysis of proteolytic cleavage products 

MS was used to identify cleavage products of Aft after 
incubation with the purified soluble scFv samples. To initiate 
hydrolysis, a 250 nM sample of scFv (PBS. pf-T 7.4) was 
reacted with 50 A/J40 In I x PBS, pH 7.4 at 37*C for 24 
h and analyzed by MS. For MS analyses, 4 jiL or the rcac- 
lion mixture matrix was added to 5 /iL of a-cyano-4-hydroxy 
einnamic acid in 50% acctonitrilc containing 0.5% trifluoro- 
acetic acid. A 2 /*L aliquot of the above mixture was taken 
and spotted onto a stainless steel MS sample plate. MS anal- 
ysis was performed using a Voyager-DB STR Biospcctromc- 
try Workstation operated in the positive ion mode and using 
the reflectron. The accelerating voltage was 20,000 V and 
data were acquired over a mass range of 1-6000 Da. Each 
spectrum was typically the average of 100 laser shots. Con- 
trol samples were taken with 50 piM Aft40 without any scFv 
to rule out the possibility of Aft40 self-degradation after 
24 h in lx PBS solution. 

Kinetic characterization of soluble scfy 

The kinetic constants of the purified soluble scFvs toward 
hydrolysis of the internally quenched a-SCcrctase substrate 
and the Z-Lys-ONp fluorogcnic substrate were determined as 
described above. Different concentrations of the substrate 
(0.1. 0.25, 0,5. 1, 5, 10, and 20 /*M) in HEPES buffer pH 
7,4 were incubated with 50 nM of the purified scFvs. Fluo- 
rescence resulting from hydrolysis of the peptide was fol- 
lowed as a function of time at excitation max 355 and 
emission max 480 using a spectixjphotomctcr. The Michac- 
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Its-Mcntcn kinetic parameters, ^ m and AT M , were calculated 
using Oraphpad Prism software, 

LDH release cytotoxicity assay 

A human neuroblastoma cell line, SH-SY5Y, was grown 
and maintained as previously described. 1 " Cells were plated 
onto a 96 well tissue Culture treated plates (Coming) at^2x 
10 cells/well in 100 /«L of medium, and incubated for 24 h to 
allow attachment to the bottom of the wells. Media wo* aspi- 
rated off and replaced with 100 yd. of scrum-free media. Sam- 
ples of c23.5 t AScc-l. AScc-lA, and ASec-tB scFv were 
added to the cells were 0.5 pM final concentrations. 1 x PBS 
buffer was used as a control. Plates were incubated for an addi- 
tional 48 h at 37 "Q. LDH release was measured using an LDH 
release toxicity kit (Sigma) as per the manufacturers protocol. 
Absorhance was measured as a difference between 490 nm and 
690 nm wavelengths. LDH release was determined by dividing 
the absorbanee of treated wells by the absorbance of untreated 
wells. The data are reported as percentage of control value 
obtained from three independent experiments. 

Results and Discussion 

Increased accumulation of Aft in senile plaques in ihe brains 
of AD patients is thought to be a critical factor in AD pathol- 
ogy, and numerous approaches to decrease Aft levels are being 
studied. There is considerable evidence that AD is an inflam- 
matory disease/ 4 and antibody-mediated clearance by phago- 
cytosis induced by active immunization could potentially 
exacerbate brain inflammation and damage. ClinkaJ trials 
using an A/? vaccine showed promising improvements in cog- 
nition and reduced memory loss/ however, inflammation in 
the central nervous system was detected in 6% Of the test indi- 
viduals 4 and the mobilization of the plaques by A/? antibodies 
results in increased vascular A/* deposition and the appearance 
of micro-hemorrhages. 33 The positive outcomes from the vac- 
cine trials however indicate that non- inflammatory clearance 
of Aft has potential therapeutic value. 

Increased cleavage of Aft by physiological proteases such 
IDE and NEP can compensate for a reduction in other Aft. 
clearance mechanisms providing a means to regulate Aft 
aggregation and neurotoxicity/ Depressed levels of IDE 
expression have been observed in the post mortem brains of 
AD patients 36 suggesting a role for proteolytic degradation of 
Aft in AD, and increasing proteolytic cleavage of Aft by sup- 
plementing IDE levels was shown to reduce extra-cellular lev- 
els of Aft.* 1M However, IDE is active on a wide range of 
substrates, and this activity is influenced by insulin levels. 39 
both factors complicating its potential application in treating 
AD. Furthermore, natively folded recombinant IDE was shown 
10 form a stable complex with AjB, which may potentiaJly inter- 
fere with clearance pathways and promote AD pathogenesis. 41 * 
Although proteolytic degradation of A/? represents a prom- 
ising therapeutic approach, the cataJytic activity should be 
targeted .specifically to Aft to avoid potential complicating 
effects. A proteolytic antibody fragment lacking the Fc 
region engineered to specifically target and cleave Aft can 
increase clearance of Aft without inducing an inflammatory 
response or initiating other unwanted side-reactions. scFvs 
are the potent interventional agents that can be used for tar- 
geted therapeutics. 45 They can be efficiently expressed in 
bacteria, yeast, or plant systems and retain the antigen bind- 
ing capabilities of the parent antibody. 42 Since scFvs lack 
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(A) Inactive hapten waa activated hy treatment wiih HBr fnr 2 
h followed by prccipiimion with diethyl ether. (B) The acti- 
vated hapten phosphonafo dleMCr— Diphcnyl <imina(4-arnldinc~ 
pIicnyl)meihrtncphoKphanate wns attached to bioiinylntcd shun 
A// peptide replicating the a-sccrctasc site. The resulting com- 
pound is the CRA. 



the constnm region, thereby reducing retention by Fc recep- 
tors, the use of these proteolytic scFv will reduce the chan- 
ces of a cellular response mediated by the Fc receptors/ 3 
Because of their small size (l/6th the size of intact IgG), 
low kidney uptake, and rapid blood clearance, scFvs arc 
being increasingly used in carreer research as carrier of 
radionuclei and drugs to tumors. 44 Therefore, an scFv that 
specifically hyclrolyzes A0 represents a promising therapeutic 
option tor treating AD, Wc previously identified a light 
chain antibody mklfl, and the scFv derivative c23,5, both of 
which have a-sccictase-Hke activity, 1 1 

Since the original linker in the c23.5 scFv is susceptible to 
proteolysis/ 5 wc replaced that linker with the (GGGOS) 3 
linker, which increases flexibility between the heavy and 
light chain domains, facilitates the functional folding of the 
antigen combining site, and resists proteolytic cleavage. 
Replacement of (he existing linker between the VH and VL 
domains with the (GGGGS) 3 linker and replacement of the 
flanking SfU and Not! sites with Nhel and EcoRJ sites, 
respectively, was verified by DNA .sequencing. The resulting 
modified c23.5 scFv clone is termed ASec-L 

To increase the specificity of the Ascc-1 scFv towards A/?, 
wc constructed a second generation library by replacing the 
4 amino acid CDR3 region of the ASec-1 scFv by 6 random 
amino acids using a NNK mutation (Figure 2), Using a 
NNK mutation reduces the chances of introducing 2 of the 3 
stop codons and covers all 20 amino acids/ 6 Triplet oligonu- 
cleotides encoded by NNK leads to 4 x 4 x 2 = 32 possible 
codons and with the randomization of 6 amino acids all pos- 
sible combinations will be represented in a theoretical library 
diversity oMO 9 . The catalytic residues of c23,5 arc located 
in V L domain whereas additional binding specificity is con- 
tained in the V u domain. 47 The CDR3 heavy chain region 
was targeted initiaJJy becnusc this region is predominantly 
responsible for binding activity and antigen recognition spec- 
ificity. 4 " It tolerates a large range of lengths and structural 
shapes, 49 and highly diverse CDR3 antibody libraries have 
been effectively utilized. 50 

Although numerous surface display technologies arc avail- 
able, yeast surface display provides several powerful advan- 
tages for affinity maturation of engineered antibodies, 18 
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Figure 4, Purificnfion of scFv from yeast. 
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Transformation into yeast was confirmed by plating onto 
SDCAA selection plates and the library size was determined 
to be <v.io 8 , The diversity of the library was checked by 
sequencing 20 random clones, out of which 16 clones had a 
unique sequence, indicating a library diversity of M0 7 . 

Originally developed as probes for enzymatic nucleo- 
philes, cJccrrophilic phosphonates have been used as irrevers- 
ible serine protease inhibitors.^ CRAs containing a haptcnic 
phosphonate diestcr can be used for isolating serine proteases 
with improved nucleophilicity to their target antigen. 51 The 
CRA, used as an antigen for magnetic bead enrichment (Fig- 
ure 3), was synthesized and purified by HPLC. The resulting 
product was 95% pure with some contamination due to non- 
biotinylated peptide. After 2 rounds of magnetic bead enrich- 
mcnt using the CRA, 4 x 10* cells were recovered as deter- 
mined by cell count on SDCAA plates. Anti-biotin coated 
magnetic beads were used during the second round of pan- 
ning to reduce chances of isolating srreptavidin binding 
clones. Since our goal is to isolate scFvs with improved ca- 
talysis toward Ap rather than just improved binding, we orUy 
performed two rounds of panning with the CRA. 

After selection with the CRA, wc screened 750 single 
clones for increased proteolytic activity toward A/) using an 
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Proteolytic degradation of A/?40 with antibody fragment ASce-lA. 

A 50^M pljquot of A/^ was incubated Wilh alone (A) or with 250 tiM ASec-lA yeast «Fv in PBS <pH 7.4) (B), nt 37X. MS analysis w« eer- 
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mtcrnally quenched a>secretase substrate. Of the 750 clones 
tested, 15 unique clones showed increased oc-secrctasc-likc 
activity compared to the A5ee-t scFv expressed on the yeast 
surface (Table 2). A random clone selected as a control scFv 
showed no activity toward the substrate. Sequences of posi- 
tive clones were verified by DNA sequencing. The 15 clones 
with increased proteolytic activity were also tested for a-sec- 
retasc-likc activity using Z-Lys-ONp substrate to verify thai 
the activity was targeted 10 the a-secretasc Lys-Lcu cleavage 
site. The two clones corresponding to wells 6E4 and 11G8, 
having the highest activity toward both the a-secrctase and 
Z-Lys-ONp substrates, were selected for further studies and 
renamed AScc»lA and ASec-lB respectively. 

The selected scFvs were inserted info pPNL9 expression 
vector by gap repair after co-transformation into YVH10 
competent cells. After growing the cells in SDCAA medio 
containing Trp, the highest scFv expression levels were 
observed after induction by YEPOR media for 48 h as evi- 
denced by dot blot (data not shown). Purified soluble scFv 
was analyzed by SDS-PAGE (Figure 4A) and western blot 
analysis using anti-V5 primary antibody to verify the pres- 
ence of a 42 kDa band (Figure 4B). increased proteolytic 
Stability of the ASee-J, AScc-IA, and AScc-IB scFvs com- 



pared to the parent c23-5 scFv was evident as all of the 
scFvs with the modified linker show only a single 42 kDa 
band after purification whereas the parent c23,5 scFv con- 
tains an additional 14 kDa cleavage fragment in SDS PAGE 
and Western blots (data not sshown). 

The cleavage products or AfMO substrate with both scFvs 
were similar 10 those of ihc parent mkl8 Jighl chain antibody 
as determined by MS, where A/?1-I6 is the predominant 
product (Figure 5). The C-terminal fragment corresponding 
to A/717-40 was not detected likely due to precipitation 
before fractionation by MS as previously noted. 

The kinetic parameters k CM and /C M were determined using 
different substrate concentrations of the 2-Lys-ONp substrate 
(Table 3) and the fluorogenic A/? substrate (Table 4). When 
the c23.5 scFv of the mkl8 light chain was constructed, the 
hydrolytic activity toward the Lys-ONp substrate decreased 
6- fold compared to mM8 due to both an Increase in K M and 
decrease in (Table 3). The decrease in was mostly 
recovered when the V H /V L linker was replaced with the 
standard (GGGGS) 3 linker to generate the ASec-1 scFv 
(Table 3) possibly because of a reduction in strain between 
the two antibody domains. The two selected scFvs, ASec- 
IA, and A$ec-IB, both showed decreases in tf M and 
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AScc-I 7.24 ± 0.2 1 

ASec-lA 3,62 ± 0.2H 

AScc-lB 4,80 ± 0.37 

mk!8 from bncrerta 2.71 ± 0.13 

c23.5 from bacteria 8.08 ± 0.45 



jf M (/iM) (per mlrt) 



(jiM/min) 



766.68 ± 2.35 103.9 

1187.14 ± 1.75 ,127 94 

J 345.71 ± 3.02 280.36 

1012,50 i 0.87 373.62 

4W.!<>± 1.11 61.3 



Tnblc 4. Kinetic Constants of scFvs for Hydrolysis of asSccrctase A3 
Fluorngenic Substrate rti HKPlgS Buffe r pH 7.4 otto* 37*C 

*m C/'M) (per min) k r JfC M f>M/min) 



AScc-r 

AScc-IA 
AScc-IB 



6.12 .-t 0.31 
116 A 0.08 
1.51 ±0.12 



GMI ± 1.26 
34.84 ± 0.1 
61.02 ± 0.22 



10.85 
58.07 
4/141 



increases in k cm toward the Lys-ONp substrate, more closely 
reflecting the values obtained wilh the original mk!8 tight 
chain antibody (Tabic 3). 

The specificity constant <W^m) toward the Aft substrate 
lor A$cc-JA is 5.6-fold greater and for AScc-IB is 2.8-fold 
greater than the parent ASec-l scFv (Table 4). The increase 
in activity against Aft for both scFvs is due to decreases 
in K M compared to ASec-1, rather than increases in k cnt 
All three scFvs, even (he parent A$ec-1 containing ihc 
(GGGGS):, linkci". had a higher specificity constant compared 
to the original c23,5 scFv. The increase in the specificity 
constant due to the improved values toward the Aft sub- 
strate was expected because the randomized CDR3 heavy 
chain JibTary was designed to increase binding to the desired 
substrate without a ffecring the catalytic residues in the light 
chain domain. The light chain mkIS of the parent c23.5 
scFv was^obscrved to cleave VIP with K M (12 and k CM 
aOJ/min." The lower K M for VFP cleavage compared to A/3 
is expected because the light chain rnk!8 was originally 
derived from an antibody raised by immunization wilh VLP. 
However, addition of a random heavy chain to the ink 18 
light chain to generate a full length scFv reduced its binding 
affinity to VIP. Affinity maturation of this full length scFv 
against a CRA based on the VTP peptide resulted in a signifi- 
cant enhancement of its binding affinity. 12 A similar increase 
in binding specificity towards the Aft substrate is observed 
in the case of our AScc- 1 A and ASee-IB ScFv following af- 
finity maturation against phosphonate dicsters. 

The effect of the recombinant scFv on SH-SY5Y neuro- 
blastoma cells was determined and compared with the toxic- 
ity induced by the parent c23-5 scFv (Figure 6). Although 
the parent c2X5 scFv is toxic to the SH-SY5Y cells, all the 
variants containing the (OGGGS)., linker instead of the origi- 
nal linker arc not. 

Proteolytic processing of amyloid precursor protein (APP) 
by the non amyloidogenie pathway involves cleavage by a 
and y sccretases and precludes Aft formation* instead yield- 
ing a soluble N-terminai fragment, aAPP that is neuroprotec- 
tive and possesses neurotrophic properties. 5d * w Thus, 
strategics to enhance a-secretasc cleavage of APP could be a 
significant IherapeuUe approach in ameliorating the progrcs- 
sion of the disease, and to reverse memory loss. Because the 
proteolytic scFvs reported here have been engineered to tar* 
get the ac-sccretase site, in addition to dealing the existing 
A/?, they could also potentially be used to enhance APP 
processing to reduce further production of Aft while stimu- 
lating production of the neuroprotective sAPP protein. 




C23.5 Asec-i AsecMA Asec-1B 

Figure 6. LDH release assay. ModifytriR the C 23.S $ c Fy crcatlv 
reduces its toxicity towards SHSY-5Y neuroblastoma 
cells, pata are expressed as percentage of control wells 
contotafng celts with medium : ,ione. Une at 100% 
indicates buffer only control* *»*P < 0.001 nsinc 
paired Student's Mat Error bars Indicate SEM. 

The substrate .specificity of the scFv can bo increased fur- 
ther by additional manipulation of the CDR regions. The 
binding site of proteoses is determined by the proteolytic site 
(P1-P1') and interactions with amino acids to each side of 
the hydroiytic site. 56 For example, trypsin has a deep, narrow 
binding pocket on the C-tcrminal side of the Jysine/arginine 
cleavage site (Pi') and will selectively cleave proteins or 
peptides that have amino acids with long positively charged 
side chains. The substrate specificity of the proteolytic 
scFv can be further increased by generating additional scFv 
libraries with randomized CDR regions that specifically 
accommodate the amino acids surrounding the a-secretasc 
site of Aft. In vitro affinity maturation of the proteolytic 
scFvs should provide a general means ol increasing the spec- 
ificity constant and producing a highly selective scFv, which 
would have potential applications for treating AD. 
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^ We report the selective inactivation Of proteolytic an- 
tibodies (Abs) to an autoantigen, the neuropeptide vaso- 
active intestinal peptide (VIP) V by a covalentjy reactive 
analog (CRA) of VJP containing an electrophilic phos- 
phonate diopter at the Lye 20 residue. The V7P-CRA was 
bound irreversibly by a monoclonal Ab that catalyze r 
the hydrolysis of VIP. The reaction with the VJP-CRA 
proceeded more rapidly than with a hapten CRA devoid 
of the VIP sequence. The covalent binding occurred 
preferentially at the light chain subunit of the Ab- Co- 
valent V7P-CHA binding was inhibited by VIP devoid of 
the phosphonate diester group. These results indicate 
the importance of noneovalent VtP recognition in guid- 
ing Ab nucleophilic attack on the pbosphonate group. 
Consistent with the covalent binding data, the VTP-CRA 
inhibited catalysis by the recombinant light chain of 
this Ab with potency greater than the hapten-CRA. Cat- 
alytic hydrolyeia of VIP by a polyclonal VIPase autoan- 
tibody preparation that cleave* multiple peptide bonds 
located between residues 7 and 22 essentially was inhib- 
ited completely by the VIP CRA, suggesting thnt the 
electrophilic phosphonate at Lys 20 enjoys sufficient con^ 
formation*! freedom to react covalently with Abs that 
cleave different peptide bonds in VIP. These results sug^ 
gest a novel route to antigen-specific covalent targeting 
of pathogenic Abs- 



Specific antigen recognition by the variable domains under- 
lies the pathogenic effects of certain Abs 1 produced as a result 
of autoimmune, allergic, and anti-transplant reactions. For 
instance. Aba found in myasthenia gravis (reviewed in Ref. 1) 
and hemophilia (reviewed to Ref. 2) bind important epitopes of 
the acetylcholine receptor and Factor VIII* respectively, that 

* This work was supported by National Institutes of Health Grant 
AI31268. The coats of publication of this oi-ticle wore defrayed in part by 
the payment of pa/je charges. This articla roust therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicatB this fact, 
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Laboratory Medicine, University of Tcxns-Houston Medical School, 54,31 
Fannin, Houaton, TX 77030. Tel.: 713-500.7342 Cto Y. N.) or 71,3-600-5347 
(to S. P.); Fax: 713-600-0574; E-mail: Yaeubiro J^ishiyama^ith. trac.edu 
(Y. N.) or Sndhir.Paut(&uth.tmc.edu <S, P.). 

§ Present addreaa: Dept. of Biochemistry and Molecular Genetics. 
University of Colorado Hen 1th Sciences Canter, 4200 B. Ninth Ave., 
Denver, CO 80262. 

1 The abbreviation* used are: Ab, antibody; AMC, 7-nmiao-4- 
methylcoumarin; CHAPS, 3-|(3<holomidopropyl)diniethylammonio]-t- 
propancmjlfonic odd; CRA, covatentty reactive analog; DMF f NJJ- 
dimethylformamxde; Me 2 SQ, dimethyl sulfoxide; V apparent 
reaction velocity; VIP, vasnnctivc intestinal peptide; DFP, diisopropyl 
fluorophoaphate. 
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interfere with the biological activity of these proteins by a 
steric hindrance mechanism. Other Abs utilize their constant 
region to mediate pathogenic effects, but antigen recognition by 
Ab variable domains is the stimulus initiating these effects, e.g. 
Ab recognition of erythrocyte antigens stimulates complement 
activation by the constant region in autoimmune hemolytic 
anemia and incompatible blood transfusions. Similarly, aller- 
gen recognition by IgE bound to receptors for the constant 
region on the surface of mast cells stimulates their degranula- 
tion. Irt other diseases, the mechanism of Ab pathogenicity is 
less clear. For example, Abs to nucleic acids in lupus (reviewed 
in Ref. 3) and to thyreoglobulin in Hashimoto's thyroiditis (re- 
viewed in Ref. 4) are unambiguously disease-associated but 
additional immune abnormalities are also evident jn these 
diseases and the precise functional effects of the Abs remain 
debatable. Recently, a novel variable domain mechanism un- 
derlying Ab pathogenicity has emerged, viz. the catalytic cleav- 
age of antigens. Hydrolytic catalysts such as Abs to polypop^ 
tides (5-8) and nucleic acidB (9) hold the potential of 
permanent antigen inactivation. Moreover, catalysts are en- 
dowed with turnover capability, i.e. a single Ab molecule can 
hydroryze multiple antigen molecules, suggesting that such 
Abs may exert functional effects that are more potent than Abs 
dependent on stoichiometric antigen recognition. 

Abs that catalyze the cleavage of VIP have been identified in 
patients with autoimmune disease (10). VIP is a 28 amino acid 
peptide with important biological actions including immuno- 
regulation via actions on T lymphocytes (reviewed in Ref. 11) 
and control of blood and. airflow via actions on the smooth 
muscle (reviewed in Ref, 12). A model proteolytic Ab interferes 
with cytokine synthesis by cultured T cells accompanied by 
depletion of cellular VIP (13), and administration of the Ab to 
mice interferes with relaxation of airway smooth muscle (14). 
Proteolytic Abs to VIP appear to utilize a covalent catalytic 
mechanism reminiscent of serine proteases. This is suggested 
by studies in which replacement of the active site Ser residue 
resulted in the loss of catalytic activity (15) arid by inhibition of 
catalysis by haptcnic phosphonate diesterB (10). These com- 
pounds form adducts with the activated nucleophiles of en- 
zymes by virtue of the covalent reactivity of the electrophilic 
phosphorus atom (reviewed in Ref. 16) and have been devel- 
oped recently as probes for the active site nucleophiles in Abs 
displaying serine protease and serine esterase activity (17, 1.8), 
designated covalently reactive antigen analogs (CRAs). 

As in the case of ordinary Abs, traditional noneovalent anti- 
gen recognition is hypothesized to underlie the specificity of the 
proteolytic Abs for VIP. Therefore, CRAs of the "VTP sequence 
represent a potentially specific means to target the Abe by 
virtue of offering a reaction surface that combines covalent 
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binding to the Ab active site with noncovalent bind ing at neigh- 
bonng pcptido epitopes). He** we describe the anttgLspedfic 

T^l^L° r n,On0c, ? n * 1 and Abs wSh a 

synthetic VIP-CRA compound. Despite positioning of the phoe- 
pbonate group at a smgle site, Lys*>, the covalent reaction 
resulted in irreversible inhibition of polyclonal Abs that cleave 
VIP at several peptide bonds located between residues 7 and 
22. The results suggest the feasibility of targeted SrfS* 
speSS Rations based on their antigent 

MATERIALS AND METHODS 

ylJmctoanephoaphonate (compound I) was prepared from dinhrnvl 
amm^Qmidinopheoyllmethonephosphonate (IS. 20) Wl «E' 
^doho*anoic add (Anaspec, Son .Jose, cX) by Sf e Md rf 

panto (FyjJOP) (Novabiochem, San Diego. OA). The HPLC-nunfi^ 

<A>.o.0B« tnfluoroacetic acid in ocetonitrilc (B>. from 90- lo to 20so in 
46 nun (1.0 m)/mto» was characterized by elect^y tataJJ ™ 
Hp^ctry (observed 721.3 (MH 4 ; canted X for 

• . ' « H and "O""' 08 10 mM solution in DMF at - 70 '0 

With di8UC.anim.idyl subcrate (Pierce. Rockford, XL) and character^ J i„ 
* a J>*™ v "V ^served m/s 635.8 (MH ; ffi' t 
<W AF. 635.2,). V» CRA (compound 3) waa S^ae & 
«T5 ^2T Seq . UC ^"* W " h N-'W^l Motto was constructed on Rink 
o«itwH ^i" (0 7 2 mn,0,/e » No ^i«h«"" by tbe standard 9 n u 
o^nytaetboxycazboayl protocol (21) with the exception that 4-niethy"- 
tatyl (22) was used for side-chain pretection of Lys*>. The peptido iSn 
was treated w,tii 1* trifiuoTOacetic acid in didilo^hn^fi „Tx 

2£ „73o ' * *-r th ? ltrityJ «""»• and the detected amino 
Rmup of ; jys " was acylated with compound 2 in l-methyl-2-pyrreud° 

MfrlSmff t 5 ,fluorot "» li ' : acid^tbaawlitbiol.thioaaiiola.phonol 
fK? £ ^temperature for 2 li. After removing the miin by 

Kt£ ^'HS? Wa8 ■* W *° t° aflord aprecipitete 

wtodjwas collected by centriftigation and waabed with diethyl other 
, Z V ^f^ matenal (retention time 50.26 rain, purity 96% (220 

riKM 2 o 4 T / C ^ ,Um11 <*" X 260 »•»* A ; BWm90aor G 0:« 
in 60 mm (1.0 ml/nun)) was characterized by Claetrospmy ionization, 
mass spoe^mrtv (observed ml, 4071.4 (MH- calcic mF Z 

-70 % 4 ° 72 ' 0)) ^ St ° red 10 mM *° lution to ^a 80 flt 

mafeAed IgOdonoUPClO (IgG2 fl , *, Sigma) were purified (Von. asdtea 
P^i^T 1 f t'J^T °f aphy on ^obiHzod ptatein O-Sepharoso (23). 
Polyclonal IgG from the .serum of a human aubject with chronic obetruc- 
tavapulnianary disease (daeigaated HS-2 to Ref. 24) was aUo purified 
^i^^, 1' >mr08e ^""tography. The recombinant light chain 
Of anf.VIPAb clone c23.6 (OeaBaak™ accessiox, number W4775)Za 
T^Tu bBCterilU P eri P lQ3mic «facts and purified by the binding 
t n1c,{8l a «""«*y <16). AH of the Aba wore 

m^ b r^ aUy J^T° Bane0U3 - Protein cancentotiona were deter- 
mined with Micro BCA protein assay ftlt (Pierce). 

C«A Adcfccis-Covalcnt binding aaaays were carried out aa de- 
T£?ti Pt S? a $ (17, 2 } - l5G (1 ' 1M) wa6 teeobated witt, compound 1 
S? £M ^ mM ^* um Pboaphnfe. 0.137 M NaCl, 2.7 mM KC1, p» 

l^TnT ° 1% 0MF Ci " ^P" 1 "") * Mn<Kng experiments) a ! 
^„1? ° e cxpEr " no,lt f. *e reaction was conducted in the prcoence 

^no^T*w S f , !. COllB f ,!d ,'? EDTA (p00U6 ^ beaitnyblool 
j ™ . } - ^luots of the reaction mixtures at 10, 20. 40?60 90 

to a i 2 ^h n r?s b0i ! e f " !*v SI>S M% 2-mereoWetbanoi 

2?J^„T (6 , m ?- ) a " d ,*!" objected to eloctrophoraais (4-20% 
polyaciylamide gels, Bio-Rad). PoUowing eloctroblotttoc onto nitrocal- 
tolosamembnmes (TranaBlot. Bio-Rnd), bioti^contaJnlng addu^^re 

^^ W ^» a ^ tnVidin - pCr,Bddaso ^ nnd • ehemilumines! 
^± k-tfSupenngnal, Pierce). Band danaity was expressed to 

r™?n^ a JT 1 " (AAU) d^™""" a Fluore-STM Mutti. 

rSpon^e ran^ ensurin S ftat *e densities were within the linear 

tio^l^w f^-^-Phe-Atg-AMC (0.2 mM, Peptides totemo- 
trcnnl ' Lou ' SVllle . WO was incubated with Ab (0.8 mm) in 96-well pjatc. 
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ton, PaloAlto/CA). ^i^^^,^^^ 

Ibair^X7^2 , i f f 4) ' T ° d r m ' 0C ^ Sc^A. iSE 
« feS Turtle ' n S bated (37 ' C) ^ <=^t>ound l or 
ch^m^ Tween 20, Unreacted compound 1 or 3 wan then removed by 

50 « Tri,H^ KfKK^ft??^^ f 
ncutrobzed with 1 MTrifi'WCl n WQ) *n i "r ljrHU ' P H 2 "i 
tnnA i^da ' iM * nfl tt HpH9L aliqvots of tho recovered I2G 

S^a.rpSde^v^^ 

radioactivity solublVto fcrichCctk'cf,^ I ^ 



RESULTS 

WACRA-faiportant features in. design of the VIP-CRA 
(compound 3 iu Fig. 14) are as follows, (a) Inc u^ion of th^ 
^ctrophihc phosphonate diester greup capable of Telecri^ 
reaction w.th activated nueleophiles, for example, ia found to 
serine proteases (16). (b) The location of the positi^ly char^ 
ZSLr^i" in p r°r imity t0 the Phosphonate to alW 
eZSnZil t" , proteo! * ic r 8° c2S. 5) which 
cleaves peptide bouda preferentiaJIy on the C-terminal side of 

*Z 'Z™ e . WdS °^ t ^ («) The incorporation of 

these graups ,. on the side chain of Lys^ in the sequence of 
VIP Hapten CRA. 1 contains the phoephonate diester and 
amtdino groups but is devoid of the VIP sequence. Location of 

twT^ 11 Z ?* C $ VC m T ty at Ly82 ° k ^ on observations 
that the Lj^j "-Lys- 1 peptide bond is one of the bonda cleaved bv 

inanoclona) Ab clone c23.6 (23) and polyclonal human IgG 
preparat»ons containing Abs to VIP (24). Peptide inhibitors of 
proteases customarily contain tlie covalently reactive group 
located wrthin the peptide backbone or at the peptide termini 
(eg. Refe. 26 and 27). In this study, our purpose was to maxl 
m«e the opportunity for approach of the phosphonate group 
withuj covalcnt binding distance of the nucteophiJe confined 
to diverse Ab active sites. For this roasun, the phosphonate 
group was placed at tho side chain of Lys*> using a flexible 
hnker which allows rotation at several C-C bonds (as opposed 
to nicluswn of the phosphonate within the peptide backbone, 
which may impose a greater level of conformational constraints 
on accessibility of this group), 

VIP-CRA 3 was synthesized by the regiosolectivo on-resin 
aeylatinn as outlined in Pig. IS. The VIP (sequence was con- 
structed by solid-phase peptide synthesis with standard 9-flu~ 
orenyhnethoxycarbonyl chamistry with the exception that the 
4-methyItntyl group was used for side-chain protection of Lvs 
at position 20 {compound 4a). After selective removal of 
4-methyltntyl, peptide resin 4b was acylatcd with compound 2 
wtoch was prepared from diphenyl amino(4-amidinophenyl). 
metftanephosphonate and disuccioimidyl suberste. The result- 
ing peptide resin 4e was treated with anhydrous trifluoroacetic 
acid to give compound 3, which was purified with HPLC yield- 
ing a single species with the anticipated mass (mtz 4071 4- 
calculated value, 4072.0). ' 

CWent Ab. Labeling— Monoclonal Ab c23.5, raised by hv- 
perimmunisation with VIP, i* characterised by strong recegni- 
tion of the ground state of VIP 1.9 nM; K QM ^ ^ 
possible by traditional noncovalcnt Ab paratope-epitope inter- 
actions (23). The catalytic site of the Ab is loeald to Kg^t 
itTt^nr^ ^ COmp ° aed rf a serine P^ase-like cato- 
Ab ZXp Sa^T the C0V,Jto * Wndingof this 

wSoTS^ °^ l - Th0 i^y^^tched Ah 

™^ak { K) v ^ rved *» ^ control to determine back- 
ground Ab nucleophdic reactivity independent of noncovnlent 
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1: fi = 6-(D-blo^nGmtoo)hexanoyl 
7r. R = O-saccintmldyteuberyl 



HN"S> 



3: r = t^wotinyi 

B 



Fmo<>AsR(Trt)-tt--^ 



I 1 



®V 8u f Tft pm ? Trt R« rt? 



mo 

Boc 

44 (Ri=Fmoc; R 2 *Mtt) 
4b (R t =r>t>iotmyt: R^m) 
4c (Ri*0-t5totirtyi: R 2 =+f) 

v.vf 



Boc t8u 



^ : Solid support 



t*moc) cbemistry (detection, 20* p^ridin" aM^n x 2^ f Sy0thQaifl * ^^ylmeth^cmtanyl 

i-Wra^benart^ 1 : ^pling, Pinoc-amino arid (2.6 oq), PyBOP <2J5 eq), 

1); *fcp U, D-hiotin (2.6 oq), A? (2 .&eq) E£8£3^^ ^ft t?°,* PfP«*«« * »^ W X 2; 20 min x 

trichloroacetic acid in C^CL (6 ™in X lb); ^»Sn TtuM^^^Jl^ ( ™ eq) tn DMF < 60 min * ^ 1* 
ttflwwaeette a^thiineo^^ * ™F (overnight); ond^p * 



recognition of VIP. The cwalerit reaction was visualized by 
boiling tho reaction mixture* followed by denaturing SDS^elec- 
trophoresis and detection of biotin-contaiiiing adducta (Fig. 2A 
uis&l Accumulation of covelent VIP-CRA 3 adduce with the 
anti-VlP Ab increased linearly as a function of time 2 with the 
light chain summit accounting for the majority of the adducta 
(nominal mass 29 kDa determined by comparison with molec- 
ular mass standards). Adducts of VIP-CRA 3 with the control 
Ab wore formed at lower levels. Similarly, hapten CRA 1 re- 
acted with anti-VIP and control Abe slowly compared with the 



^fictions were predicted to follow the second^ordor 
fteroctton Ct accumuJnl;1<m «««™d in the initial sto^e of 



VIP-CRA and there was no preference for covalent binding of 
the hapten CRA at the light chain subunit. Apparent reaction 
velocities CV ftpp ) were obtained from the slopes of linear regres- 
sion curves fitted to the progress data by least square analysis 
(fAb-CRAJ - V npp x t, where [Ab-CRAJ represents the intensity 
of Ab-CRA, adduct band in AAU and t is the reaction time) V 
values are compiled in Table I. For the anti-VIP Ab V n of the* 
VIP-CRA 3 reaction with the light chain was 6.6-fold greater 
than the heavy chain. Hapten CRA 1 V nup values for the two 
summits of this Ab were nearly equivalent V 0lJD for the reac- 
tion of VIP-CRA with the anti-VlP light chain was 66-fold 
greater than the corresponding reaction with tho control Ab 
ught chain. These observations indicate the selective nucleo- 
philic reactivity of the anti-VTP light chain. Inclusion of VIP 



PAGE 86/92 * RCVDAT 4/28/2010 6:45:45 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-6/33* DNIS:273830C * CSID:7132705361 * DURATION (mm-ss):48-00 



04/28/2010 17:36 7132705361 



ADLERAND ASSOCIATES 



PAGE 87/92 



7880 



VlPo.se Antibody Inhibitor 



1 2 3 d 3 e 




Taht.r t 



/niftW wUHes <V W > /br formation of VIP-CBA 3 and 
htxpten.CRA I Ab adducts 

traVn^^i^ ^"^"^ aP #lwwn Fi * 2 '^d. AAU, arbi- 



25 50 75 100 125 
time, mm 

• 6n1M/IP L chnfn-3 

• antl-VJP H cfn»tf^3 
o anH-VtPLctialrvl 
a otd-vir h cneiM 

• control L cnnfn-j 
d oorttnof H chnJn.3 



0 23 50 75 100 125 
W"W r firtn 



Ab 


Subunlt 


V«n * S.D. 


AAU miiT 1 




WP-CHA 8 


Hapten CRA 1 


Anti-VIP IfrG, c23.5 
Anti-VIP IgG, c23.5 
Control IgO, OTC10 
Control IgO, UPC 10 


Light 
Heavy 

Light 
Heavy 


19.8 ± 0.4 
3.0 i 0,3 
0.3 £ 0.1 
2.0 ± 0.3 


3.3 * 0.4 
6.3 ± 0.7 

nd* 


ND, not determined. ' " - 



DFP 



70 — 
51 — 

30 



. . w 
lit 80 

2^20.6 



3Q*D — 



vip fir ^ Y^-ORA binding by monoclonal anti- 

^ X «Sif ^\ CS8 ^' Pt Y w/ A ' ««u*ul«tiwi of VIP-CRA 3 or hapten 
CRA 1 adthicts shown in arbitrary area units CAACO of the adduct bands 

^^^^« ^ P ^J B .^ d ^ tomet ^• ^^ion conditions 1 
dupHcatas, Correlation coefficients for curves fitted to pre^rW curves 
lneo / r fl fesflion were 0.9 or greater. Al) of the reactions were 
analyzed Ot 6 time pom* as shown for anti-VIP L chain. For clarity 
onJy the final data points at 120 min are shown for *nti-VJP H chain 

dafle^tained biota of 6DS gels showing 3-adducta of the c23.5 liriit (2f) 
kDa) and heavy (68 kDa) chain*. W S J-tf correspond to the reaction 
time shown in the graph (10, 20, 40, 60, 90, and 120 mm). Panel B 
^FEEftP?? ? l0 ? 3howin S inhibition by VIP (lo fjun) of formation of 
anta-VIP light chaw adduct* with VIP-CRA 3. Percent inhibition w* fl 

^^f S I 0D ° W9: 100 -^C"^ where +VIP and 
" ™ "fl* t0 fche Presence and absence of Vf*\ respectively. Inset. 
s^tavidin-perwndaBe-atomod electrophoresis cutouts showing li^ht 
chain adductfi formed in the absence and presence of VIP. Headers 1-6 
correspond to the progressively increasing reaction time shown in the 
graph. Panel C, streptavidln.perosddase-stained bJoto of SDS-electro- 
phorcais pels showing CRA birring to anti-Vip Ab in the presence of 

n^^- ^^enoua Aba and CRAs used are a* follows; anti-VIP 

Sni u ?^ 3 ^? m 3); anti-VIP C 23.5 + hapten X (fane 4), UPC10 
Jfj ™&* n 1 to™ hapten I slono (W e), Biotin^ontainiW 

bands in lanes !-$ wore detected as in panel A. Lanes 7 and 8 are 
aW^toined biota of human plasnia (1% v/v) *nd molecular wefrfrt 
standards, roapectivcly. Panel D, atre^vidin^pemxidaflo-Bt.alnod blots 
or reducing SDS-eJectropboresis golfl showing inhibition of VIp.CRA 
binding to an(a.VIP c53.6 light chain by DFP. Anti-VIP IflC c23 5 ( \ uv) 
<vas incubated with or without DFP (6 m ») for 5 min and then was 
allowod to react with VIP-CRA a (2 m m) for 60 min. 

devoid of the phosphonate group in the reaction mixture inhib- 
ited the formation of VIP-CRA 3 adduet* with the anti-VIP 
light chain (Fig. 2B; inhibition in three repeat experiments, 
41.0 ± 7%). It may be concluded that selective covalent binding 
of VIP-CRA 3 by the anti-VIP Ab is made possible by noncova- 
lent interactions due to the presence of the VIP sequence. 

Pooled plasma from healthy humans was included in the 
reaction along with VIPase c23.5 to investigate further the 
selectivity of the VIP-CRa, As expected, the predominant VIP- 



CRA 8 adduct appeared at the position of the light chain 
aubunit of th e ^ Ab (Fig. 2C). Little or no reaction oTthe 
vip-CRA with plasma proteins and the control IgG subunits 
was observed. Similarly, the reaction mixtures of hapten CRA 
1 yielded little or no adduct formation with plasma proteins or 
the exogenous^ added monoclonal Abs. Faint biotin band* 
were observed upon prolonged exposure in each of the lanes 
shown in Fuj. 2C at a masa of 67-70 kDa. These bandp pre- 
sumably reflect a low level adduct formation of the hapten-CRA 
and V7.P-CRA with albumin, the major protein present in 
plasma tsee silver-stained electrophoresis lane in Fig. 2C) Co- 
valent reactions of albumin wi th organophosphorus compounds 
nave been reported previously (28, 29). 

DiiBopropyl fluoropliosphate (DFP), a well established serine 
hydrolase inhibitor, was previously reported to inhibit catalysis 
by anti-VIP light chain c23.5 (15). In this study, DFP inhibited 
the covalent VtP^CRA binding to the light chain (Fig. 2D) 
consiatent the presence of a serine protea?e-liko binding site(s)! 

Inhibition of Catalytic Activity- The cleavage of the model 
peptide substrate Pro-Phe-Arg-AMC by the recombinant light 
chain of anti-VIP Ab c23.6 has been reported previously CIS). 
Site-directed mutagenesis studies have suggested that the 
hght chain contains a catalytic triad similar to the active site of 
serine proteases (15). Here, the progress of Pro-Phe-Arg-AMC 
cleavage by the light chain was measured fluorimetrically by 
determining AMC generated due to cleavage at the Arg-AMC 
amide bond. As expected , a linear increase of AMC fluorescence 
was evident (Fig. 8AX Inclusion of VIP-CRA 3 in the reaction 
rmxture inhibited the reaction in a time-dependent manner. 
The deviation of the progress curve from linearity in the pres- 
ence of VIP-CRA suggests an irreversible inhibition mode (30). 
Inhibitory potency comparisons using VIP-CRA 3 and hapten 
CRA 1 indicated the superior potency of the former compound 
< Ic oo - 1.6 aod 27 u,M f respectively; Fig. 3£). The superior 
potency of VIP-CRA 3 is consistent with the covalent adduct 
data reported in the preceding section and may be attributed to 
improved noncovalent recognition of the peptidyl component of 
VIP-CRA 3. The stoichiometry of the inhibition was determined 
by titration with hmiting amounts of VIP-CRA S (fcJ/Dight 
chain] ratio - 0.0375-3.75 in Fig, 3C). The ^-intercept of the 
residual activity (%) versus {VIP-CRA 3]/Dlght chain) plot was 
0.89, suggesting a 1:1 stoichiometry. This finding is consistent 
with the observed molecular mass of the light chain:VTP-CRA 
adduct, i.e. 29 kDa (light chnin, 25 kDa; VIP-CRA, 4 kDa). 

Next, we turned to a human polyclonal IgG preparation 
isolated from a subject with airway disease (designated HS-2 in 
Ref. 24). Cleavage of VIP by this preparation has been attrib- 
uted to IgG autoantibodies based on retention of the activity in 
Fab fragments, adsorption of the activity by IgG binding re- 
agents, and absence of VIP cleavage by control identically 
punfied human IgG preparations. N-terminal sequencing of 
VTP fragments generated by this IgG has identified the foUow- 
Vwsfln bonds: Thr'-Asp 8 , Arg*-Ly« w . Gln Te -Met J7 r Met"- 
' Ala -Val 10 , la^-Lyi" and Lys^-Tyr 22 (24). Here, we 



PAGE 87/92 1 RCVD AT 4/28/2010 6:45:45 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-6/33 1 DNIS:2738300 % CSID:7132705361 * DURATION (mnvss):48-00 



04/28/2010 17:36 7132705361 



ADLERAND ASSOCIATES 



PAGE 88/92 



VlPase Antibody Inhibitor 



B 



0.50 



0.26- 



o.ooJ 




Tim©, h 



^ 100-| 
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[\rtP-CRA3J/[lJght 
chain] 

PhS^SS^ 1 « fontl -V» light chain C23J5 catalysed P ro . 

«^!^"^"^f C (0,2 mM) « leava *> by the light chain To.8 ^) tnthc 
absence (O) wd presence (•) of VIP-CHA 3 (3 mm). Curves Tre JeaM 
sqvott fits to the equation (AMC] = V x < 9» l^4^M<V 

release, [AMC) is the extrapolated maximum value of AMC please 
and A^, ? the observed first-oraer rate constant. Data are meansrf 
three replicates - Sj>. Fluorescence value* expressed as rcieaaed AMP 
by comparison with natandarf curve constructed ^S^C 
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toitfolly confirmed the ability of the polyclonal IgG preparation 
to cleave multiple peptide bonds in TO TfcreeS rXS 
peaks were generated from flVr^^Tlvrp h« Zll ? £ 
thelffGfFiir 4A) Th» 1 j ' U VIP by treatment with 
7? 1 f • observed radioactive product poaJks in 

^'"Pf^ ^present mixtures of peptide fra^nte Z 

HPLC with similar retention times (24) 
To determine whether VIP-CRA 8 is an irreversible inhibi 

de^de'nft^ ^ ^ at0 ^c procedure. Dose- 
dependent inhibition of catalytic activity wa<i evident an A 

concentrations >20 ^ The observed irreversible inhibition 

S a ih? 0t T CRA fol ™ S TOValent withTe P^ly 

™ I T*** *° itS bdMW *» with monoclonal Ab 
ST '"i 10 . preoodin « Selectivity of the VIP CRA 

mhib tory effec was confirmed by comparison with hapten 
CBA 1. A« expected, the VXP-CRA inhibited the cleavage of VIP 

SSTS? than th0 hapten CRA ac - = 7 «* » « 

DISCUSSION 

PsSi™ir tas c L nclusionfl mQ V be drawn from these data, (a) 
FunchonaUy coordinated noncovaJent and covalent interac- 
tions allowed nucleophilic anti-VIP Aba to form specific and • 

e^eh n ?*K ddUOt !. With . the VIP - CRAS - « ^ VEFMSBAtahlS 
each of the reactions involving cleavage of VIP at several pep- 
tide bonds, indicating its potential as a universal inhibitor of 
diverse anti-VIP catalytic Abs. Ihe importancfoTno^^ 
Ab pars^pe-antigen epitope binding in directing the VIP-CRA 
to the Ab nucleophile is evident from the following observa- 
tions: lower reactivity of the anti-VIP monoclonal Ab with the 
hapten CRA devoid of the VIP sequence; limited roaSy of 

the r^Sf ^ and P 1 **™ Proteins with 
the VIP^RA; and mhibit.on of the anti-VIP Ab eovalcnt reac- 
tion with the VIP-CRA by VIP devoid of the CRA moiety 



oKot!ZTT e ;V he abflonre " "tolyat corresponded to 
CBA 1 ?6?mWh^ C - Comparison of VIP-CRA J («7and hapten 
^ aSl^n SZ °. f ^^baio-eatalyeed Pro-Fh^Arg-AMC hydrol- 
^^cZ^l, 1 !^ inhiwSn = 100% T 

tion <r* 0 98) Re^v. %** the concent » ,at!on yc^ng 60% iobibi- 
aZJTJJf B ' l SSf etltn editions ere as in panel A with the exception 
P^cnShftf^ °™ traW ! n8 w.™ employed (X, 3, 10. and 30 ^" 
hereon t inhibition was computed aa, 100(V - V.J/V where V r£ZL 
the residual acUvity after incubation for 13 h ftan^nts' 7Z 

^O^On^AMC^O 5 *£ abae ™ of CRAe the rTctto 

teM S^Lol v ^ C ' stcicbiometry of antibody light chain 
^i l °^ W 'J h *■ Shwn fa plotof reaiduftl cata^c 

^ SW C 4 » 8l , ,f th f chain 

JT.,b VIFl '« A f concentrations reaction conditions as in 

010? Tf J5! B ,T Pb0 ° i hBt the VTP - CRA concentrotian, ^ 
o.i, 0.3, 1 ,0, and 3.0 and reaction time was 36 10 RaaiA» 

S Tm^" ° MD, P ute ? Tn ^ UB of the velocity under condMone of 
complete inhibitor consumption. Vi values worn nfctefoiJ iaIZ i _T 

rhe^S^^ P< ; CUT ^ ^ooaprted AMC release i^'the 
when inhibitor consumption is ongoing and the observed first-order rote 
constant, respectovely <r> for individual progress curVes >0&T\ TT» 
equation is valid for reactions with an faffi32"«^ 

alSr!.u . fi ? m ' he Jeast-aqunre f.t for data points at rVIP-CRA 
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mJ^^SSSfZ °'P <,lyc,on(U an*«K>dy catalysed VIP oteav- 
tt&.MT" 0 ?* 3 0n , d hnpten CRA 1. Panel A r^ereed-pCc 
E£f "^^IT"^ <>«'lTyr ,n - ,!B, nVIP at multiple sites by 

™™ an $f ^-2 nVr'".^nviP incubated )o the preJnce or 
absence (O) of SS-2 IrG (2 m ibr 16 h rind suhjecled to tjp£5 (Novfl- 
oreiiX?-,,*, 16 ,°^ m; 01 * t**™™*** «cid in wat£o^ Sflu- 
^f^* 1 !*"^ 1 " fl0% aeeton >tri]e 9&6 for 10 mio, from 95:6 to 30-70 in 
56 on,, from 30:70 to , 0:100 in S min, and 0:100 for 6 min (0 6 mSor 
Shown a « valves 0 f '«I-radioactivity recovered in the HFLC EEs' 
2&££ P f" el *' inhibition of HS-2 

2' "^2^ "V^-Cra 8 and hapten Ciu i. igQ I'e 
jwwnciibatedfor is h in the absence or presence of inc^sL 

mSCT > by chromatography on immobilized J mtein q t] 

S™^£? C 01 ^ W waB measured using fer 5 ? 

UVIP as substrate. Data are the means ± S.D. Control HS-2 th** 
wss incubated in the absence ofCRAs cleaved 279l^Tfi^^^ 

Recently, CRA derivatives of other polypeptide antigens <hu- 
man immunodeficiency virus glycoprotein 120 and epidermal 
growth factor receptor) have also been reported to form cova- 
lent adducts with specific Abe directed to these antigens with 
only minor levels of reactions evident with. Aba directed to 
irrelevant Abe (31, 82). Taken together, these consideration!! 



2Z>21«« k "T* *™"»* inh *"io n of individual Ab 

W»^T baSG 1 0n their antl 8* nic ^cificily. 
reactav.ty of the ant.-VIP monoclonal Ab with the VIP-CRA. 
Reactivity w,th the hapten CRA serves as an index of Ab 

resn o : P bW ty l , L dePen<lent ° f tradit{raal «™J2S fort 
responsible for Ab-antjgen CTmplexation . H ^ CR ^ 

.ties of the ant,-VIP heavy and light chain subunita were com- 
rSL-i "J""* 0 * that fences in intrinsic nucleophilie 
reactmty do not account for rapid formation of adductsTrt e 

hS I"" th °, VIP - CRA - » »«y »e concluded Lt the 
hght cham nucleophile is in the immediate vicinity of the Ab 

mteractions facilitate covalent binding. This statement is cor5 
stetent with observations that the purified light chauV of 
Ab is capable of specifically catalyzing the cleavage i (2? 
Previously, the purified light and heavy chain sKuts of the 

c?nventionT, rtrted *MW S a 
conventiona assay for noncovalent Ab-antigen complexes 

?£ % fr 1 • w,°o7 ^ and ^ * a " S 

M and 1.9 n„) (38). to addition to the light chain, thX^ 

T""? t0 wnWbute noncovalent binding Z 
crgy for Ab complexion with VIP but the heavy chain nucleo- 
phile does not seem to be sufficiently in register with the 
Phosphonate group of the VIP-CRA to participle Z thV cofa 
iGtiT, reaction. 

Additional evidence for irreversible and specific Ab recogni- 

unr^™^-? thG AbE ° btained f0 " WiD ? S» ™*ov of 
a *^^ d ? 0t ^P 183 ' catal y tic artivit y- C^alytic 
cleavage of Pro-Phe- Arg-AMC by the recombinant light dwdn 
of the mouoelonal Ab has been documented previously (16). 
T)us reaction ,s characterised by 57.6-fold higher K m than the 
cleavage of VIP by the light chain and is attributed to cross- 
reactivity of the catalytic site with peptide substrates devoid of 
an antigenic epitope capable of participating in high affinity 
noncovalent bmdmg. Pro-Phe-Arg-AMC cleavage by the light 
™ ^! nh i bite , d mnrc Potently by the VIP-CRA than the 
hapten CRA. Sunilarly, the cleavage of VIP by polyclonal hu- 
™ a ^teantibortcs to VIP was inhibited more potently by the 
VIP-CRA than the hapten-CEA. 

Ab diversity poses an interesting challenge in achieving 
ant.gen-specific covalent inactivation of pathogenic Abs. 
5tructur 0 l differences in the variable domains underlies Ab 
spec^ikity TOr individual antigenic epitopes, and even Abs to 
smaU molecules presenting a limited surface area can contain 
structurally distinct binding sites (e^. Refe. U and 35). Cat- 
aiytic IgG preparations from patients with autoimmune dis- 
ease cloave several backbone bonds in polypeptide (7. 24) and 
oligonucleotide (9) antigens. This may be due to the presence 
of multiple Ab species in polyclonal IgG preparations, each 
with a distinct scissile bond specificity. We have suggested 
previously that the nucleophiles enjoy some measure of mo- 
bdity within Ab active sites that is not subject to restriction 

m'^TT 6nt binding 0f Ab8 ^ anti ^ n8 takG « 

(81, 32). To the extent that this hypothesis is valid, Abs with 

fi! ,^o PtitIe b °^ d "P^^ty woW react covalcntly with 
the VIP-CRA even if the phosphonate group is located some- 
what imprecisely m the antigenic epitope. In this study, the 
placement of the phosphonate on the Lys*> side chain (as 
opposed to the peptide backbone) and inclusion of a flexible 
Unltcr represent attempts to expand further the conforma- 
tional space available for the covalent reaction. Complete 
inhibition of catalytic hydrolysis of VIP by polyclonal Abs 
v ,»t* Ve several bondB between VTP residues 7 and 22 by 
the VIP-CRA was evident. Therefore, promising means to 
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obtain i aatzgcMpeciftc covalent inhibition of diverse Abs in* 
elude tHa e^lortation of intHasic conformational properties 

l^ 7 ^ 8 *** 8 ° n ? thB P rovf * ion enhanced access to 
the phosphonata group by manipulating the linker structure 
in comparison, if Ab antigen binding i s conceived aa a rigid 
Body interaction involving inflexible surface contacts cova* 
lent inhibitor design muat entail close topographical simula- 
tion of the transition state of each scissile bond and individ- 
ual inhibitors must be developed to effectively inhibit 
different catalytic Abs. The importance of evaluating confor- 
matTonal factors in inhibitor design is supported by previous 
reports suggesting a split-site model of catalysis 32) in 
which antigon binding at the noncovalent subsite imposes 
little or no conformational constraints on the catalytic sub- 
Site, allowing the catalytic residue to become positioned in 
register with alternate peptide bonds as the transition state 
formed. 

Ae noted previou 5 ly, catalytic Abs are proposed to contribute 
in the pathogenesis of autoimmune disease. Specific covalent 
inhibitors represent a novel means to help define the precise 
Junctional effects of the Abs. Such inhibitors may serve as 
prototypes for the development of therapeutic agents capable of 
ameliorating harmful Ab effects. In addition to inactivation of 
secreted Abs, reagents such as the VIP-CRA may be useful in 
targeting antigen-specific B cells. The feasibility of this goal is 
indicated by evidence that CRAs bind covalcntly to Abs ex- 
pressed on the surface of B cells as components of the B cell, 
receptor (36). Ab miclcoprdlicity may be viewed as au indica- 
tion of their competence in completing the first stop in covalent 
catalysis, U formation of an acyl-Ab reaction intermediate 
This is snpportod by observations that the magnitude of Ab 
nucleophilic reactivity is correlated with their proteolytic ac- 
tivity (31). A recent study suggests that noncatalytic Abs also 
contain nudeophiles but are unable to facilitate steps in. the 
catalytic cycle following covalent attack on the antigen, vu 
water attack on the acyl-Ab intermediate and product release 
(31). Regardless of the physiological functions of nudeophiles 
expressed by noncatalytic Abs, their presence may allow CRA 
targeting of Ab populations with established pathogenic roles 
e# anti-factor Vltl Abs in hemophilia. 

^^^tolcdg(>mimt*-'Ws thank Robert D&nnenbring for technical 

REFERENCES 
1. Vincent, A. (2002) Nat. fep. Immunol 2, 797-804 

3. Gilleo, J. <L Vanwelephem, nn d Sain&.R<*my, J, M. (2000) Semin. TYirom*. 



VIPase Antibody Inhibitor 



7883 



s. 

9. 

10. 

11. 

12. 

13. 

14, 

16. 
,TC. 
17. 

IS, 

ID. 

20 

2] 
22 

23, 

24. 

2S. 

26. 
27. 
23. 
39, 

So. 

712 



33. 
34. 

3T>. 
36. 



Hr.mo&tnsj* 28, 16I.-1S6 
Mntsuura, K, and Sittnhnra, H. (1996) BM. Chem 377 flS7-^AQ 

• Hifi " n1, B - M,Kudn ' ~ r - Udl1 ' T - < 20M > r mmum j. Uu ««. 

^7TtriO^±T-r°-. ° A " Bo «""«'™- A. 15.. Sm>n,cv, 
J. v.. flBri Oabjhoi. A. C. (1992) $c/«>ec ErtO, 66S-607 

rnJlto' ° MlMA ' A " D< *' * D - An,J S. J. (IMS) P^rfcrf. Aw. 7<*. 

Be l2Ms\^L B S tUt> ? ™* Ale ' Y< ' ™<»Mfc G., Pwl, S.. nmt Said, S, r, 
(2002) Puim. Pharmacol, Thr.r. IS, 

OlAby«3£. J„ and JWra, .J. C. flSS4) Methnd* BmmnL 244, 423-441 
JW, S. ; TWnwntano, A.. Gofotobov, <;,. Zhou. YxCKri S 

Kol^kov K , a. V AlBMitdniv., E. S. t Koral^kl, P., D*min. 

sstew^ ,ouiftt ' a ' ' 2ooo) proc - Noii ^ a ft 

^V^isS^'S- 1 i Q - Y - ^> Surr. O., Karl,, nnd 

Paul, S, (2002) Amh. Bit>cfwm. Biophyi. 402, 281-288 

(3992) J. £w/. C/itr/Tj, J}6?, 13142-13145 
Hmb.J P, (19S1) 7, £ tn i, C7 WW< 2<w> 1012&-10J.84 
" 27* 3?4^S Wrn,,TOWy ' ^ Roe8 ' A > nnd P « u '. 5. (.1997).;. JBW. 
OJeksya*yn^ J and Power* >>. C. f 1991) Biochtmistrv 30> 486-493 

STJfTr » ' S n «, Ba ~ l ? tt : R A ' 22GC-22f33 

Mmms C, B., and W«. H. L. (1979)^^. ^io^;n. 194, C26-530 
Bchw n rt.7. r M. (1982) CZin, Chiin. 4cto 124 f 213-223 

^^wlS! JCn '* iC9: A ^ m John Wiloy & 

lyanin. Y., and PnuJ, S. (20O3> J. AW. CA cm . 27S, 20436-20443 
Paul, h., WanQtte. S. # Zhou, Y. X. Tng vc W. H., Sh„tln, G., ICnrlo, S. Hnngon 
C nnd MU^niY .^2008) ^. CAcm. 27^ 20459-20435 

EfclSS? PdJIro ^n. J- «nd MAkol». O. (108ft) Jtor. J. Immunol IB, 
MJtchplK T. J„ nn<l RfciDy, T. M. (1990) Pcpt 8, 277-281 



PAGE 90/92 1 RCVD AT 4/28/2010 6:45:45 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-6/33 * DNIS:2738300 * CSID:71 32705361 k DURATION (mnxs):48-00 



